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Abstract 
Ambient Concentrations and Measurement Precision of Molecular Markers 
 in Fine Particles from Philadelphia, PA 
Min Li 
Stephen R. McDow, PhD 
 
The adverse environmental and health effects of organic components in fine particles 
have been recognized by the public. The present study provides an improved analytical 
strategy for analyzing organic components in fine particles and knowledge of the 
measurement precision. Both are of particular importance for locating pollutant sources 
and investigating the potential health effects associated with fine particles. In this study, 
the ambient concentrations of major organic molecular source markers in fine particles 
collected in Philadelphia, PA 2000 were measured, including n-alkanes, PAH, hopanes, 
n-alkanoic acids and dicarboxylic acids. The measurements were performed with a gas 
chromatography/mass spectrometry following a developed analytical method and quality 
assurance plan and the precision of the measurements was carefully investigated. The 
ambient concentrations of the molecular markers vary from day to day and season to 
season by their unique patterns. Understanding of these interesting variations needs 
further survey on emission source inventory, meteorological measurements and source 
apportionment modeling in Philadelphia. 
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1. Introduction 
A nationwide concern about the composition of fine particles in the atmosphere has 
arisen due to possible associations with a variety of human health effects. By definition, 
fine particles are particles with size equal to or less than 2.5 µm. Both inorganic and 
organic species are present in particles. Organic constituents in fine particles are of much 
concern recently because it not clear what components are responsible for the health 
effects and less is known about the organic fraction than the other components. 
 
The presence of organic compounds in atmospheric fine particles originates from a wide 
range of primary emissions of anthropogenic and biogenic activities, and secondary 
photochemical reactions. The combination of various sources is responsible for the 
intricate chemical composition and size distribution of organics in atmospheric fine 
particles. Primary sources of organics in fine particles in urban area are the sources 
emitted directly to the atmosphere, including wind-blown road and soil dust, automobile 
exhaust from diesel and gasoline powered vehicles, wood burning, cooking, plant wax 
and industrial combustion processes. While secondary sources are the particles yielded by 
photooxidation reactions of gaseous emissions in the atmosphere (NOx, olefins, etc.). 
Primary emission sources are probably the predominant contributors to fine organic 
particles in the atmosphere. Approximately 85% of annual organic particles loading was 
emitted from primary sources in the Los Angeles area (Schauer et al., 1996).  
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Table 1.1: Relative Contributions from Plant wax, Petroleum Residues 
           and Pyrogenic Compounds to Particles (Simoneit, 1986) 
 
 Plant Wax Petroleum Residues Pyrogenic 
Geographic Area (%) (%) (%) 
West United States    
    Rural, summer 46-100 0-54 0.01-0.05 
           winter 20-40 60-80 0.03-0.2 
Urban, summer 6-37 63-94 0.04-0.06 
            winter 21 77 1.8 
    
Europe (Delft)    
Urban, summer 37-46  -  - 
           winter 1-18  -  - 
    
Central African(Nigeria)    
Rural 100 0  - 
Urban 15 85  -   
    
Oceanic Aerosols    
Atlantic 100 0  - 
Pacific, Samoa 94 6  - 
                         
 
 
In contrast to urban organic particles, rural organic particles are comprised of species 
originating from biogenic sources such as plant wax, vegetative detritus, microbial input, 
etc. Simoneit (1986) reported the relative contributions of plant wax, petroleum residues 
and pyrogenic compounds to organic fraction of fine particles in urban and rural areas 
(Table 1.1). The predominant sources of the atmospheric petroleum residues are from 
mobile sources in the form of lubricating oils. In the western US, the contributions of 
plant wax and petroleum residues vary significantly from summer to winter in rural areas. 
Summer is dominated by plant wax and winter is dominated by petroleum residues. 
However, the urban areas in the western U.S. are consistently dominated by petroleum  
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Figure 1.1: Percent Contribution of PM2.5 in East U.S.  
        (U.S.EPA AIR Trend Report, 1999) 
 
 
residues for both summer and winter. The organic components in the fine particles of 
rural Central Africa and over the ocean are mainly from plant wax, which accounts for up 
to 100%. The organic fraction of fine particles in urban areas of Central Africa is 
contributed predominantly from petroleum residues, which account for 85%. 
 
Organic particles constitute a substantial fraction of the fine particle mass in the 
atmosphere (Gray et al., 1986; Mazurek et al., 1987; White and Roberts, 1977). A study 
of Gray et al. (1986) provided a mass composition of the major components of fine 
particles in the Los Angles area. Organics and sulfate together make up the majority of 
the mass of fine particles, accounting for 26.7%, 22.2%, respectively. The mass 
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measurements of fine particles in Great Smoky Mountain, Tennessee, show that more 
than 10% of the total mass is organic with 28 to 42% of the mass was unidentified 
(Andrews et al., 2000). In the eastern US, organic carbon contributes 27% to total mass 
of PM2.5 (particle size equal to or less than 2.5 µm) according to U.S. Environment 
Protection Agency (EPA) AIR trend report in 1999, (Figure 1.1). In the state of New 
York, for example, 30 to 60% of the total mass of PM2.5 particles is composed of 
organic species depending on the season (Cass, 1999).  
 
It is well known that organics in particles can modify the chemical and thermodynamic 
properties of particles in the atmosphere. The study by Saxena et al. (1995) suggested that 
organics play an important role in particle hygroscopicity, which affects particle size and 
the visibility. The organic components in particles scatter and absorb light, contributing 
to visibility reduction. In some locations of the western U.S. organic particles contribute 
even more to visibility reduction than sulfate (Macias et al., 1981; Vasconcelos et al., 
1994). The measurements of visibility-reducing fine particle mass in central Arizona 
show 25-37% of the fine particle mass is organic, and 36-45% is sulfate (Vasconcelos et 
al., 1994). Organics in fine particles can also serve as cloud condensation nuclei (CCN) 
(Novakov and Penner, 1993; Cruz and Pandis, 1997).  
 
Epidemiological evidence suggests that human exposures to airborne particles, especially 
fine particles are high risk factors for cardiopulmonary disease and mortality (Pope, 
2000). Fine particles can accumulate in the respiratory system and cause an increase in 
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cardiac and respiratory mortality. They are associated also with respiratory conditions, 
such as asthma and decreased levels of pulmonary lung function (El-Fadel, 2000). A 10 
µg/m3 elevation in fine particles is associated with about 6% and 8% increased 
cardiopulmonary and lung cancer mortality, respectively (Pope et al., 2002). 
Concentration levels of PM2.5, PM10 (particle size equal to or less than 10 µm) and total 
suspended particles (TSP) have been found associated significantly with daily mortality 
(Schwartz, 1991; 1993; 1994; Kelsall et al., 1997; Pope et al., 2002).  
 
The reletionship of chemical composition of organic particles with mortality is not well 
studied due to the deficiency of the knowledge of chemical composition of fine particles, 
although the total mass of fine particles has been associated with public health issues. 
Organic particles have potential impacts on human health because it contains several 
carcinogenic compounds, such as some polycyclic aromatic hydrocarbons (PAHs). For 
example, benzo(a)pyrene can be taken into the bronchioles and alveoli of the lungs by the 
adsorption on to fine particulate matter, and is likely to cause lung cancer (Sheu et al., 
1997). It has been suggested that organic compounds in particulate matter could cause 
adverse health effects. However, it is not known whether one component is more or less 
important than the other components. Thus, a better understanding of the chemical 
composition of organic particulate matter is essential to evaluating the possible impacts 
of organic particles on human health.  
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In spite of the important effects of organic fine particles on environmental and human 
health, characterization of chemical composition of fine particles is not yet well 
understood. This is largely because of the complexity of the organic mixture and the low 
concentrations of organic compounds making them difficult to measure. Organic fine 
particles are a mixture of hundreds of compounds with a wide range of chemical and 
thermodynamic properties (Lioy and Daisey, 1986; Saxena and Hildemann, 1996). 
Currently, no simple sampling method can be utilized to collect all the particulate 
constituents, especially those semi-volatile compounds existing in both gas and particle 
phase. It is also challenging to analyze the entire range of organics present in particle 
phase by any single analytical technique.    
 
During the 1980s and 1990s, several studies were carried out on the chemical 
composition of particulate matter in Southern California. Gray et al. (1986) identified and 
quantified the individual organic compounds present in air samples collected in the South 
Coast Air Basin (SoCAB) in 1982. A series of source testing studies (such as Rogge et 
al., 1991; 1993a; 1993b; 1993c; 1994) with measurements of specific organic particulate 
compounds were completed using high-resolution gas chromatography/mass 
spectrometry (Mazurek et al., 1987; 1989). Over 80 organic compounds were identified, 
including n-alkanes, n-alkanoic acids, aliphatic dicarboxylic acids, and PAHs in the 
ambient aerosol of the Los Angeles area and their seasonal concentration patterns were 
reported. Using the concentration information of organics in the Los Angeles area, 
Schauer et al. (1996) developed a chemical mass balance receptor model to relate the 
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source contribution with ambient concentration of the organics, and apportioned organic 
fine particles of the Los Angeles area into 9 primary emission sources. However, little is 
known about the detailed chemical composition and the source apportionment of the 
organic fine particles in Philadelphia or other Northeastern cities in the U.S.. 
 
The city of Philadelphia is a heavily populated area. It is one of the most highly exposed 
areas to pollution of atmospheric particulate matter, and organic species comprise a 
significant portion of it. Little has been studied for chemical composition of the organic 
fraction of fine particles in Philadelphia. The limited understanding of concentration and 
composition of organic particles have hampered the implementation of source 
apportionment modeling in Philadelphia.  
 
The main objective of the proposed work is to develop an analytical method and 
implement it to measure the ambient concentrations of the important organic molecular 
source markers in fine particles from Philadelphia. This analytical method is based on the 
extraction method of Ligocki and Pankow (1984) and the analytical method developed by 
Mazurek et al. (1987). The measurements of the present study will provide the ambient 
concentrations of organic aerosol in Philadelphia and can be directly compared to results 
from other super site projects, such as NorthEast Oxidant and Particles Study (NEOPS). 
The measurements also will provide an insight for future experimental design and 
planning for source apportionment studies using receptor models as well as 
epidemiological studies of human exposures to organic aerosol.  
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A study of PM-2.5 in the Northeastern U.S. indicated that the annual background 
concentration already approached the recently implemented annual PM-2.5 standard of 
15 µg m-3. The standard is likely to be violated even if a small contribution is added 
(Cass, 1999). Thus the estimation of source contribution is critical to the development of 
control strategies for the abatement of the fine particles. The development of effective 
control strategies for fine particulate air pollution abatement requires knowledge of the 
relative contributions of various primary sources of the particles, which in turn require 
accurate concentrations of organic species (Schauer et al., 1996). 
 
In addition to the measurements of the molecular markers in the airborne particles, 
precision and bias of the measurements have become a big concern to state and local air 
quality and the U.S.EPA. Measurement precision and bias information are the necessary 
inputs required by any source apportionment model and can effect the determination of 
air pollution sources by the models. The regulatory groups need to verify how precise and 
accurate the measurements are before taking any control strategies on the determined 
pollution sources. So far, no study has undertaken and reported precision and bias 
information of the measurements of organic species in atmospheric particles. Here, this 
study first provides precision and bias information for measurements of the organic 
molecular markers in urban fine particulate matter. 
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As long as the potential day-to-day variation correlations between composition of organic 
fine particles and human health are understood, one could predict the trend of health 
effects from composition information of organic fine particles. Therefore, one objective 
of this work is to provide the variation in composition of the organic fraction in fine 
particles from day to day, and season to season in Philadelphia. The present study is 
reported on a daily basis, which is essential for epidemiological comparisons, although 
most composition studies of organic fine particles are based on monthly or seasonal 
composites (Rogge et al., 1993a).  
 
The seasonal and daily variations of the concentrations of organic molecular source 
markers in fine particles in Philadelphia have not well identified. Although monthly and 
seasonal trends of n-alkanes, n-alkanoic acids, dicarboxylic acids, PAHs and other 
molecular source markers were reported in the Southern California (Rogge et al., 1993a), 
seasonal concentration variations of organic fine particles in Philadelphia could differ 
substantially due to different meteorological and topographical conditions. Moreover, 
little information has been reported so far about daily trends of the concentrations of 
molecular markers in organic fine particles. Knowledge of daily trends of organics in fine 
particles is critical to health effects studies. This project will provide such information 
that can be used to investigate the feasibility of using daily measurements of organic 
molecular markers in fine particles for health effects studies. 
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The present study is supported by two grants, Drexel and MCP Hahnemann Research 
Synergies Program (Synergies) and Speciation of Organics for Apportionment of PM-2.5 
(SOAP). The former is a grant from Drexel and MCP Hahnemann Universities, which 
provided funding for sample collection and preliminary analysis of part of samples. The 
SOAP project is funded by Northeast States for Coordinated Air Use Management 
(NESCAUM) and designed to accomplish measurement and chemical identification of 
fine organic carbon aerosols in the New York City Area. The analytical method 
developed for the SOAP project was used for final analysis of samples collected in the 
synergies project. 
 
Overall, the objectives of this research plan are:  
(1) to develop an analytical method designed to quantify a significant fraction of the 
organic molecular markers in fine particles and investigate measurement precision 
and bias; 
(2) to implement the developed analytical method for determination of ambient 
concentrations of molecular markers collected as PM10 in the city of 
Philadelphia;  
(3) to provide the concentration variations of the organic molecular markers from day 
to day, and season to season in the Philadelphia metropolitan area;- 
(4) to address the feasibility of using the ambient concentrations of the organic 
molecular markers in fine particles in source apportionment models and health 
effect studies. 
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2.  Sample Preparation and Analysis 
2.1 Sample Collection 
Ambient PM10 samples were collected over a 24-hour period at the Philadelphia Air 
Management Service’s North Broad Street monitoring station, Philadelphia, PA. The 
sampling periods were 1/20/00 - 2/6/00, 3/28/00 – 4/20/00, 7/31/00 – 8/12/00, and 10/16 
– 11/2/00. A total of 71 samples was acquired using high volume Anderson PM10 
samplers at flow rate of 38 ft3/min on a 8×10 inch Whatman quartz fiber filter. Prior to 
sampling, filters had been baked out at 600°C for three hours to minimize the organic 
background contaminants. Filters were wrapped carefully with aluminum foil which had 
been baked out at 200°C for 10 minutes and stored in resealable plastic bags until the 
sampling days.  
 
A resealable plastic bag with a new filter inside was transported in a cooler container to 
the sampling site in the morning of a sampling day. At the sampling site, the filter that 
collected the particle sample on the previous day was taken out of the filter holder and 
immediately wrapped with baked aluminum foil and sealed in the plastic bag. The new 
filter then was installed to the filter holder and was ready to collect the sample. The bag 
with the sample filter inside was transported back to the laboratory in a isolated cooler 
container with blue ice, and then frozen at -10°C until analysis. One or two trip blanks 
were collected for each season, which made a total of 7% blanks over the entire samples. 
The trip blanks were identical quartz fiber filters going through the same pretreatment, 
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storage and transportation procedures as the filters for sampling, but no air dream through 
the filter.   
 
2.2 Sample Preparation 
The PM10 sample filters were prepared and analyzed following the procedure shown in 
Figure 2.1. Soxhlet extraction was employed to remove the solvent-soluble organic 
components of the particles because it is a well-established particulate matter extraction 
method. An alternative extraction technique is to ultrasonicate the sample filters with one 
or more organic solvents such as hexane, benzene and/or isopropanol (Cautreels et al., 
1976; Sheu et al., 1997; Yang et al., 1999; Mazurek et al., 1989; Rogge et al., 1993a).  
 
Prior to analysis, sample filters were extracted by Soxhlet extraction in 500 ml of a 1:1 
methylene chloride: acetone mixture for a period of 4 hours. The combination of non-
polar (methylene chloride) and polar (acetone) solvents is an efficient technique proved 
by preliminary analysis and has been used widely. The extracts were evaporated to 5 ml 
by using a Kuderna-Danish apparatus and concentrated to 1 ml by a stream of pure 
nitrogen gas. The advantage of the Kuderna-Danish apparatus evaporation is that it gives 
higher recovery than any other techniques (Shinohara et al., 1977). The glass Soxhlet 
extraction apparatus was cleaned by using powdered precision cleaner (Alconox, VWR) 
and rinsed with acetone. Only Teflon-coated and solvent-cleaned forceps were used to 
handle filters during the extraction process.     
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                                             Figure 2.1: Sample Preparation Procedure 
 
 
Gas chromatography/mass spectrometry (GC/MS) was used for the analysis of ambient 
aerosol samples of Philadelphia because it is the most useful method to date for 
characterization of organic particulate matter. Mass spectrometry is excellent in 
identifying individual compounds and for determining functionality in selected cases 
(Gordon, et al., 1988). GC/MS has proved to be the most successful technique in 
quantifying various organic compounds associated with atmospheric particulate matter 
(Mazurek et al., 1987; Rogge et al., 1993a). Other instruments like high-pressure liquid 
chromatography (HPLC) or liquid chromatography/mass spectrometry (LC/MS) are good 
choices for characterization of high molecular weight and polar organic compounds. 
However, the molecular markers to be identified in this study have low molecular weight 
(less than 300) and low polarity. Thus GC/MS is more suitable for this particular purpose. 
Sample Filter
Soxhlet Extraction
Derivatization Without Derivatization 
GC/MS Analysis
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It is reported that the GC/MS method measures and identifies only 10-15% of the organic 
mass (Rogge et al., 1993a). The reason is that high molecular weight and polar 
compounds either do not elute through the gas chromatography column or are not 
resolved in the GC column (Turpin et al., 2000). Thus, prior to GC injection, polar 
organics in samples have to be derivatized to non-polar compounds which will elute 
through the GC column. For example, derivatization is used to convert mono- and di- 
carboxylic acids to their esters. By measuring the concentration of the ester derivatives, 
one can quantify the parent acids that would otherwise not have eluted through the 
column. Diazomethane (CH2N2) is the most common methylating reagent for carboxylic 
acids, and is widely used in soil analysis (Chaudot et al., 2000), natural and waste water 
analysis (Oller et al., 2001), and organic PM analysis (Mazurek et al., 1987; 1989; Rogge 
et al., 1993; Standley et al., 1987; Fine et al., 2001; Schauer et al., 1996).  
 
Diazomethane (CAS number: 334-88-3) is easy to prepare and use. It is prepared 
immediately before use from a precursor, after addition of base. The precursor used in the 
present study is N-methyl-N-nitroso-p-toluenesulfinamide, CAS No. 80-11-5 (Diazald, 
MNTSA, Aldrich). The reaction below is given by Glastrup et al. (1998). In this study, 
23mmol diazald was added into the reaction to yield approximately 16.6mmol 
diazomethane. 
 
           CH3-C6H4-SO2-N(NO)-CH3 + KOH = CH3-C6H4-SO3K + H2O + CH2N2  
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Preparation and handling of diazomethane requires special precautions because it is a 
highly explosive gas at room temperature. Diazomethane gas may explode violently even 
if it is diluted with nitrogen (OSHA, U.S. Department of Labor). Contact with sharp or 
rough surfaces, or heat may cause diazomethane to explode. Safety shield should be used 
during the generation of diazomethane to protect workers from accidental explosions. 
Diazomethane is a severe pulmonary irritant and causes coughing, fever, fulminating 
pneumonia, and death on humans. High velocity ventilation in the working area involving 
diazomethane is needed to guarantee minimum exposure to diazomethane.  
 
Diazomethane was prepared by the use of specially designed glassware kit (Aldrich 
Diazald Apparatus) in order to avoid accidental explosion of CH2N2 with sharp or rough 
surfaces. A safety shield was placed in the highly ventilated reaction hood to provide 
maximum isolation from exposure to diazomethane and possible explosion. The 
receiving flask was surrounded by a NaCl-ice bath (33% NaCl by weight) giving a cool 
environment at about -20ºC because diazomethane is a gas at room temperature and 
becomes a liquid at 23ºC. Ethanol (10ml) was added into KOH solution in the reaction 
flask, which was prepared by dissolving potassium hydroxide (5g) in water (8ml). The 
solution of Diazald (5.0 g Diazald in 45ml ether) was added in the reaction flask, and was 
heated to 65ºC. The rate of addition of Diazald solution was approximately the rate of 
distillation. Some extra ether was added in the reaction flask after the Diazald solution 
was used up in order to trap the entire diazomethane in the receiving flask. The reaction 
was terminated when the distillate become colorless.    
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Each individual sample extract was divided into two portions after concentration to about 
1 ml. One portion was derivatized by adding freshly prepared diazomethane in at least 
100-fold excess to convert organic acids to their methyl derivatives. The conversion 
reaction is complete in seconds, and provides the equivalent methyl ester. Analyses of all 
samples including derivatized portions were carried out on a Varian Saturn 2000 gas 
chromatograph-mass spectrometry (GC/MS) using a 30 m ×0.25 mm i.d. fused silica 
capillary column coated with DB-1701. DB-1701 consists 7% cyanopropyl, 7%phenyl, 
86% dimethylpolysiloxane and is used for compounds of low/midpolarity. Another 
widely used column is DB-5 (SPB-5; OV-5; HP-5) column, which is coated with 5% 
phenyl, 95% dimethylpolysiloxane, is a general-purpose column and most suitable for 
nonpolar analysis with a high temperature limit. A DB-1701 column was used for 
analysis of the organic complex mixtures in this study. It gave more separation between 
benzo[b]fluoranthene and benzo[k]fluoranthene than a DB-5 column based on the 
analysis done previously. 
 
The GC analytical method was programmed for 60.5 minutes. The column temperature 
was 50°C when the injection started, held isothermal for 3 minutes at 50°C, followed by a 
temperature ramp of 20°C /min up to 150°C, with another isothermal hold for 3 minutes, 
then 4°C/min until 280°C with a final isothermal hold of 17 minutes.  
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2.3 Development of Analytical Method 
2.3.1 Target Compounds 
The target compounds analyzed in the present work are listed in Table 2.1. The 53 target 
compounds were selected for analysis based on potential toxicity and capacity to be 
major air pollution molecular source markers. For example, n-alkanes are associated with 
plant wax emissions and automobile exhausts, hopane isomers have been considered as 
biomarkers of fossil fuel emissions (Schauer et al., 1996), while PAHs could indicate any 
combustion sources. n-Alkanoic acids were the most abundant organic group identified in 
atmospheric particulate organic matter in most sites in the Los Angeles area (Rogge et al., 
1993a). Dicarboxylic acids have been considered as important organic components in 
secondary organic aerosols (Shuetzle et al., 1975; Cronn et al., 1977; Appel et al., 1979). 
 
2.3.2 Internal Standard 
To correct the potential loss associated with extraction, concentration, injection and 
chromatographic elution, internal standards were added to the filter right before the 
extraction started. The internal standards were used to account for the component losses 
associated with extraction, volatilization and instrument bias from the sample filters. 
 
Perdeuterated n-tetracosane (C24D50) has been successfully used as an internal standard 
for quantifying organic fraction of aerosol samples (Mazurek et al., 1987, Rogge et al., 
1993a). In the present study, C24D50 was added in both the sample extracts and the 
standards. Additional perdeuterated standards besides C24D50 were spiked on the sample 
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filters before extraction, including C30D62, pyrene-d10, lauric acid (C12D23) in order to 
improve recovery estimates. 
 
2.3.3 Authentic Standards 
An organic acid standard mixture was prepared with monocarboxylic acids, starting from 
C10 to C30 and dicarboxylic acids from C3 to C9. The acidic standard mixture was 
derivatized by diazomethane prior to analysis. A n-alkane standard mixture was prepared 
and included C25 to C32. This carbon number range was established since n-alkanes with 
carbon number less than 25 have a significant gas phase component making it difficult to 
measure accurately the particulate concentration, and those with carbon number greater 
than 32 have difficulty eluting through the column. The PAH standard contained 5 
species with molecular weight of 252 and above, which exist at particle phase by over 
80% throughout a year (Baek et al., 1991a; Gardner et al., 1995). Only one hopane 
constitutes the hopane standard due to unavailability of the other homologues. 
 
2.3.4 Five-point Mass Calibration 
Developing an accurate mass calibration method is a critical task in the analytical 
procedure. A successful mass calibration underlies precise and accurate analytical 
measurements. In the present work, a five-point calibration curve was adopted to obtain 
the concentrations of the molecular markers in the particulate samples, although single-
point calibration has been widely used in organic aerosol analysis (Mazurek et al., 1987; 
1989; Rogge et al., 1993a). Concentration levels of the molecular markers in the samples 
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Table 2.1: Organic Molecular Markers Analyzed in Samples 
Alkanes PAHs Acids Other 
    
n-pentacosane benzo[b]fluoranthene 21 n-alkanoic acids 9 hopanes  
n-hexacosane benzo[k]fluoranthene (with C10 to C30)  
n-heptacosane benzo[e]pyrene   
n-octacosane indeno[1,2,3-cd]pyrene 10 aliphatic dicarboxylic acids  
n-nonacosane indeno[1,2,3-cd]fluoranthene   
n-triacontane  1 aromatic polycarboxylic acids   
n-hentriacontane    
n-dotriacontane    
 
 
 
vary by one or two orders of magnitude based on the preliminary analysis. Thus the 
advantage of five-point over single-point calibration is that five-point calibration covers a 
wide range of concentrations in actual ambient samples, which potentially results in less 
bias than a single-point calibration. The five-point calibration curve can be generated by 
calibration standards with various concentrations but the same internal standard 
concentration. 
 
The quantitative basis of mass calibration and analysis is the following two equations (1) 
and (2). Equation (1) was used for preparing calibration curves, while (2) was for 
computing the concentration value of individual organic compound in samples after 
calibration. 
 
          
S
IS
IS
S
C
C
A
ARRF ×=                                                     (1) 
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RRF
C
A
AC IS
IS
X
X ×=                                                      (2) 
where RRF is relative response factor; A is integrated area; C is concentration; subscript S 
is standard, IS is internal standard, X is the unknown compound.   
            
The calibration curve can be plot by the area ratio (AS/AIS) versus the concentration ratio 
(CS/CIS) using Microsoft Excel. Thus, the slope of the curve is the RRF (Equation (1)). 
Once the ratio of (AX/AIS) is found for a single compound by computation software of 
GC/MS, the (CX/CIS) will be determined by fitting the ratio of (AX/AIS) into the curve 
(Equation (2)). The concentrations of the species in the samples can then be acquired by 
multiplying the concentration of internal standard CIS by the RRF.  
 
The initial calibration was done in December 2002 prior to the sample analysis at the 
following five levels (four levels for hopanes): 0.5, 5.0, 10.0, 20.0 and 50.0 µg/ml for n-
alkanes; 1.0, 5.0, 10.0, 15.0 and 20.0 µg/ml for PAH; 0.5, 1.0, 3.0 and 6.0 µg/ml for 
hopanes; 5.0, 10.0, 25.0, 50.0 and 75.0 µg/ml for dicarboxylic acids; 3.0, 9.0, 27.0, 51.0 
and 75.0 µg/ml for n-akanoic acids. Levels of calibration standards were selected based 
on the concentration ranges of the particle samples from the preliminary analysis and 
detection limits. Response factors were calculated for each analyte at each level. 
Concentration ratios of all series of calibration standards to the internal standard (CS/CIS) 
and calculated area ratios of calibration standards to the internal standard (AS/AIS) are 
listed in Table 2.2, Table 2.3, followed by the corresponding calibration curves, Figure 
2.2, Figure 2.3, Figure 2.4 and Figure 2.5. 
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Calibration curves for most of the molecular markers are highly linear with a correlation 
coefficient (R2) greater than 0.97 for the n-alkanes, 0.9998 for the hopane, 0.95 for the n-
alkanoic acids and 0.97 for the dicarboxylic acids. PAH have calibration curves less 
linear with R2 value as low as 0.86, which is likely due to their relatively low volatility. 
The linearity of the calibration curves indicates consistency and reproducibility of the 
chromatographic method.  
 
2.3.5 Compound Identification and Quantification 
All the molecular markers were identified by comparing the detected compound retention 
times and mass spectra with the authentic standards and National Institute of Standards 
and Technology (NIST) spectral reference library. Most markers were identified 
positively with the complete sets of standards, with an exception for hopanes. Only one 
hopane, 17α,21β-hopane was positively identified with a corresponding authentic 
standard. The other eight hopane homologues were identified by referring the retention 
time of 17α,21β-hopane standard and the unique distribution pattern to published  
chromatographs and spectra (Fraser et al., 1999; Philp, 1985) due to lack of commercially 
available authentic standards.  
 
Identification of the organic molecular source markers associated with atmospheric 
particulate matter is extremely elaborate since the markers are generally present at trace 
levels in a complex mixture. Application of GC/MS with low detection limits has allowed 
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Table 2.2: Calibration Standards of Non-polar Source Markers 
      Concentration Ratios to IS    IS(C24D50)=10 µg/ml   
Calibration Standard of n-Alkanes       Analytical Concentration Ratio to IS 
Level 1 2 3 4 5 1 2 3 4 5 
C25 0.05 0.5 1 2 5 0.031 0.42 0.66 1.92 5.40 
C26 0.05 0.5 1 2 5 0.018 0.28 0.69 1.73 4.98 
C27 0.05 0.5 1 2 5 0.024 0.31 0.68 1.61 4.54 
C28 0.05 0.5 1 2 5 0.006 0.23 0.60 1.48 3.96 
C29 0.05 0.5 1 2 5 0.005 0.13 0.41 1.32 3.85 
C30 0.05 0.5 1 2 5 0.025 0.08 0.24 1.72 3.72 
C31 0.05 0.5 1 2 5 0.014 0.08 0.23 0.99 2.45 
C32 0.05 0.5 1 2 5 0.000 0.04 0.10 0.37 1.03 
           
Calibration Standard of PAH      
BbF 0.10 0.5 1 1.5 2 0.0051 0.029 0.33 0.85 1.07 
BkF 0.10 0.5 1 1.5 2 0.0051 0.018 0.30 0.96 1.19 
BeP 0.10 0.5 1 1.5 2 0.0087 0.039 0.30 0.98 1.22 
InF 0.10 0.5 1 1.5 2 0.0104 0.055 0.078 0.694 0.868
InP 0.10 0.5 1 1.5 2 0.0100 0.033 0.074 0.690 0.900
           
Calibration Standard of hopanes      
17α,21β,hopane 0.05 0.1 0.3 0.6   0.062 0.12 0.389 0.769   
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Figure 2.2: Calibration Curves of the n-Alkanes 
      X axis is AS/AIS, Y axis is CS/CIS 
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                         Figure 2.3: Calibration Curves of the PAH and Hopanes 
                                                                    X axis is AS/AIS, Y axis is CS/CIS                                                            
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Table 2.3: Calibration Standards of Polar Molecular Markers 
                                              Concentration Ratios to IS      IS (C24D50)=10µg/ml   
Calibration Standards of n-Alkanoic acids Analytical Concentration/IS   
Level 1 2 3 4 5 1 2 3 4 5 
C10 0.3 0.9 2.7 5.1 7.5 0.28 0.93 2.41 3.18 6.57
C11 0.3 0.9 2.7 5.1 7.5 0.29 1.02 2.51 4.38 8.18
C12 0.3 0.9 2.7 5.1 7.5 0.43 1.23 2.88 4.63 8.86
C13 0.3 0.9 2.7 5.1 7.5 0.39 1.07 2.96 4.95 9.29
C14 0.3 0.9 2.7 5.1 7.5 0.23 1.02 2.75 5.04 9.25
C15 0.3 0.9 2.7 5.1 7.5 0.19 1.01 2.78 4.96 9.41
C16 0.3 0.9 2.7 5.1 7.5 0.15 0.95 2.75 4.78 9.34
C17 0.3 0.9 2.7 5.1 7.5 0.13 0.74 2.32 4.38 8.43
C18 0.3 0.9 2.7 5.1 7.5 0.11 0.62 2.19 4.29 7.85
C19 0.3 0.9 2.7 5.1 7.5 0.11 0.45 1.91 3.79 7.14
C20 0.3 0.9 2.7 5.1 7.5 0.09 0.47 2.14 4.03 7.17
C21 0.3 0.9 2.7 5.1 7.5 0.06 0.29 1.65 3.26 5.69
C22 0.3 0.9 2.7 5.1 7.5 0.06 0.23 1.33 2.84 4.87
C23 0.3 0.9 2.7 5.1 7.5 0.04 0.18 1.20 2.64 4.20
C24 0.3 0.9 2.7 5.1 7.5 0.04 0.17 1.17 2.60 4.40
C25 0.3 0.9 2.7 5.1 7.5 0.02 0.13 0.98 2.20 3.54
C26 0.3 0.9 2.7 5.1 7.5 0.00 0.10 0.77 1.90 3.12
C27 0.3 0.9 2.7 5.1 7.5 0.00 0.09 0.71 1.90 2.91
C28 0.3 0.9 2.7 5.1 7.5 0.00 0.07 0.66 1.92 2.87
C29 0.3 0.9 2.7 5.1 7.5 0.00 0.06 0.55 1.74 2.51
C30 0.3 0.9 2.7 5.1 7.5 0.00 0.05 0.42 1.60 2.10
       
       
Calibration Standard of n-Alkanoic acids  
malonic 0.5 1 2.5 5 7.5 0 0.5 1.1 2.9 4.5
succinic 0.5 1 2.5 5 7.5 0.49 1.4 1.8 6.8 10.0
methyl succinic 0.5 1 2.5 5 7.5 0 1.0 2.0 5.3 6.6
glutaric 0.5 1 2.5 5 7.5 0.35 1.0 1.9 5.3 9.8
malic 0.5 1 2.5 5 7.5 0 0.5 0.7 2.4 3.6
adipic 0.5 1 2.5 5 7.5 0 0.6 1.0 3.0 5.4
suberic 0.5 1 2.5 5 7.5 0 0.6 1.2 3.8 6.2
phthalic 0.5 1 2.5 5 7.5 2.1 5.7 11.2 26.4 42.6
isophathalic 0.5 1 2.5 5 7.5 1.7 3.6 7.0 23.8 39.5
azelaic 0.5 1 2.5 5 7.5 0.2 0.7 1.5 4.6 7.6
 
 
26 
 
 
 
 
 
 
Figure 2.4: Calibration Curves of the n-Alkanoic Acids 
                                                        X axis is AS/AIS, Y axis is CS/CIS 
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Figure 2.4 (continued) 
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Figure 2.4 (continued) 
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Figure 2.5: Calibration Curves of the Dicarboxylic Acids (10 figures in total) 
                                   X axis is AS/AIS, Y axis is CS/CIS  
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Figure 2.5 (continued) 
 
 
significant progresses for improving the characterization techniques of organic particulate 
matter. However, there are still some difficulties associated with the identification 
process using GC/MS. The greatest concern is the co-elutions of unresolved isomers for 
some molecular markers, which result in combined mass spectra. Appropriately selected 
quantification ions can be beneficial to distinguish a particular mass spectrum of an 
individual compound from the co-eluted complex. In general, the most abundant ion  
serves as the quantification ion, which is the case for the PAH, the diacids and the 
hopanes in this study. For the n-alkanes and the n-alkanoic acids, however, the selection 
of quantification ions is not that simple since more than one ion are involved. For 
example, ion mass-to-charge (m/z) 57, 71 and 85 are of almost the equivalent abundance 
for n-alkane series, but only m/z 85 was selected as quantification ion due to less 
interference. Quantification ions proposed and selected for qualitative analysis of the 
molecular markers in the particulate samples from Philadelphia are listed in Table 2.4. 
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Table 2.4: Mass-to-charge (m/z) Ions Used for Compound 
                                           Identification and Quantitation 
Compound or Class Selected Ion Potential Ions 
n-Alkanes 85        85, 71 or 57 
BbF, BkF, BeP 252        252 or 126 
InF, InP 276        276 
Hopanes 191        191 
n-Alkanoic acids 74        74 
Dicarboxylic acids Molecular weight        Molecular weight 
 
 
 
The molecular markers were identified by comparing first the retention times with 
authentic standards within a range of + 0.1 min, secondly the quantification ions, and 
finally the particular ratios of several relatively abundant ions. The latter is called 
verification of the identification. The purpose of verification is to further examine the 
identity of the mass spectra of the molecular markers from the samples and the authentic 
standards. Figure 2.6 is an example of the standard mass spectra of some classes of the 
molecular markers and individual compounds that were used as references. Only when 
mass spectra of a sample chromatograph were identical to those shown in Figure 2.6, 
with ion-ion ratios close to those shown in Figure 2.6 can a molecular marker in particles 
be identified positively. 
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Figure 2.6: Reference Mass Spectra of Some Molecular Markers 
a: n-alkanoic acid, b: hopane, c: benzo[b]fluoranthene,  
d: succinic acid, e: n-alkane 
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2.3.6 Quality Assurance/Quality Control 
Overview 
A comprehensive Quality Assurance/Quality Control plan (QA/QC) was developed for 
the SOAP project and applied to the analysis of the molecular source markers in the 
Philadelphia samples. The QA/QC plan includes sample preparation bias, duplicate 
analysis precision, analysis bias, precision of the response factors from calibration curves, 
and contaminant in trip blanks. Most of the contents in the QA/QC plan will be addressed 
in the next section 2.4, only blank levels is discussed in the following section. 
 
Contamination in Trip Blanks 
The objective of collecting trip blanks is to demonstrate the sample handling protocol for 
the molecular markers is within acceptable low limits for organic contaminants. The trip 
blanks were the same type of quartz fiber filters going through the same pretreatment, 
storage and transportation procedures as the filters for sampling, but no air was drown 
through the filter. The blank filter was never exposed to ambient air. 
 
Prior to sampling, filters were baked out at 600°C for three hours to minimize the organic 
background contaminants. Filters were covered with baked aluminum foil and sealed in 
resealable plastic bags immediately after coming out of a muffle furnace. On a trip blank 
sampling day, a sealed bag with a blank filter inside was transported to the sampling site 
in a well-sealed insulated container, and remained in the container until it was back to the 
laboratory. Once arriving at the laboratory, the sealed bag was taken out from the 
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container and frozen at -10°C until analysis. The trip blanks were extracted with the same 
method and analyzed by the same protocol as the samples to determine the background 
level of possible contaminants.  
 
Five trip blanks were analyzed to determine the background contamination from the 
analytical procedure, filter storage and transportation. An example of a GC/MS total ion 
chromatograph of a trip blank is shown in Figure 2.7. Pyene-d10, perdeuterated n-
tetracosane (C24D50) and perdeuterated n-triacontane (C30D62) are the recovery standards 
and internal standard added onto the blank samples filters prior to extraction. Levels of 
the contaminants identified in blanks are given in Table 2.5. Low levels of n-alkanes, n-
alkanoic acids and diacids were observed, and PAH and hopanes were not detected in all 
the five trip blanks. n-Pentacosane has the highest concentrations among all the n-alkanes 
in the trip blanks, with a concentration of 0.42 and 0.29 ng/m3 in winter and spring, 
respectively. Palmitic acid (C16) is the most abundant n-alkanoic acid identified in all trip 
blanks, with concentrations ranging from 0.63 to 3.79 ng/m3. The top dicarboxylic acid in 
all trip blanks is malonic acid, whose concentration is 0.22 ng/m3 in winter and 0.44 
ng/m3 in spring.  
 
Overall, background contamination only contributes less than 5.72% of the total n-
alkanes and 2.23% of the total acids (mono and dicarboxylic acids) to the particulate 
samples. Most individual compounds had blank levels less than 10% of the 
concentrations in the samples, such as all the n-alkanes, n-alkanoic acid excluding 
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Figure 2.7: GC/MS Total Ion Chromatograph of a Trip Blank          
                                                  x: contaminants  
 
 
decanoic acid and dodecanoic acid, and all the hopanes and PAH. Several dicarboxylic 
acids, such as malonic, methyl succinic and glutaric acids showed blank levels greater 
than 15%.  
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Table 2.5: Molecular Markers Identified in the Trip Blanks 
                                                  Concentrations in ng/m3, nd (not detected) 
n-alkanes Winter Spring Summer Fall Fall 
C25 0.43 0.29 nd nd nd 
C26 0.41 0.25 nd nd nd 
C27 0.33 0.13 nd nd nd 
C28 0.25 0.13 nd nd nd 
C29 0.26 0.10 nd nd nd 
C30 0.29 nd nd nd nd 
C31 nd nd nd nd nd 
C32 nd nd nd nd nd 
Total alkanes 1.97 0.90    
Fraction to alkanes in sample 5.72% 3.47%    
 
Dicarboxylic acids      
malonic 0.22 0.44 nd 0.14 0.07 
succinic 0.02 0.02 nd 0.04 0.01 
methyl succinic 0.13 0.08 nd nd nd 
glutaric 0.05 0.16 nd nd nd 
malic nd nd nd nd nd 
adipic 0.01 nd nd nd nd 
suberic nd 0.22 nd 0.11 0.10 
phthalic 0.01 0.06 nd nd nd 
isophathalic nd 0.00 nd nd nd 
azelaic nd 0.01 nd nd nd 
 
n-alkanoic acids      
c10  0.13 0.13 nd 0.43 0.19 
c11 0.03 0.02 nd nd nd 
c12 0.16 0.15 0.01 0.03 0.04 
c13 0.01 0.02 nd nd nd 
c14 0.09 0.12 0.04 0.06 0.05 
c15 0.04 0.05 nd 0.03 0.02 
c16 0.63 0.77 2.27 3.79 2.65 
c17 0.026 0.03 nd nd nd 
c18 0.43 0.40 0.17 0.16 0.13 
c19 nd 0.01 nd nd nd 
c20 0.03 0.02 nd nd nd 
c21 0.03 0.01 nd nd nd 
c22 nd 0.02 nd nd nd 
c23 0.02 nd nd nd nd 
c24 nd nd nd nd nd 
c25 nd nd nd nd nd 
c26 nd 0.01 nd nd nd 
c27 nd nd nd nd nd 
c28 nd nd nd nd nd 
c29 nd nd nd nd nd 
c30 nd nd nd nd nd 
Total acids(mono+diacids) 2.03 2.77 2.48 4.79 3.25 
Fraction to acids in samples 2.23% 2.22% 1.06% 3.28% 2.23% 
      
PAH, Hopanes nd nd nd nd nd 
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2.4  Precision and Bias of Analytical Measurements  
This work provides an indepth study of the analytical precision and bias for the 
measurements of the organic molecular source markers in the atmospheric particles. The 
knowledge of the measurements precision and bias can be used to evaluate an analytical 
method. It indicates the quality of the measurements and to what extent the measurements 
can be trusted.  In this section, analytical precision of the samples, analysis precision of 
the response factors, analysis bias of a PAH standard, NIST interlaboratory comparison 
study, and sample recovery will be discussed.  
 
2.4.1 Analysis Precision of The Samples 
According to the Quality Assurance plan developed for the SOAP project, the analytical 
precision of this study was determined by duplicating the analysis for every tenth sample. 
Seven samples out of 71 samples were used for the duplicate analysis. Precision was 
expressed by as the average relative range (relative percent difference) of duplicate 
analyses using Equation (3): 
 
                             
n
CCC
p i
avgilaihai∑ −
=
,),, /(
                                       (3) 
 
Ci,ha and Ci,la are the highest and lowest of the two duplicate analyses of concentration 
measurements for the same sample i, respectively, Ci,avg is the average of the two 
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Table 2.6: Analysis Precision of the Samples 
     Duplicate Analytical Concentration of Samples (ng/m3)   Precision
                
n-Alkanes    No.9 No.31 No.55 No.89 No. 105 No.117 No.131 n=14
  
n-Pentacosane 4.75 5.66 6.75 5.50 5.17 5.03 2.06 2.28 2.85 3.47 4.10 4.22 4.26 4.89 0.062
n-Hexacosane 3.46 3.74 4.58 4.27 4.03 3.39 2.53 2.96 2.90 3.36 4.29 3.76 5.23 5.27 0.055
n-Heptacosane 4.53 5.10 4.36 3.98 5.59 6.16 2.77 2.66 2.66 3.35 4.54 3.99 7.37 7.33 0.051
n-Octacosane 2.83 2.71 4.31 4.30 2.98 3.14 2.52 2.71 1.73 1.68 3.04 3.42 7.88 8.08 0.025
n-Nonacosane 7.72 8.53 4.68 4.68 9.58 11.61 4.10 4.19 4.55 5.49 7.22 8.41 14.83 14.96 0.048
n-Triacontane 2.54 2.39 3.06 3.62 2.29 3.02 2.97 3.24 1.90 2.43 2.80 2.90 5.95 4.55 0.081
n-Hentriacontane 7.99 9.35 7.86 6.93 13.00 14.27 6.03 6.37 8.87 8.41 15.28 13.99 30.26 28.37 0.046
n-Dotriacontane 6.22 9.12 9.39 7.23 6.08 6.10 6.17 7.26 7.22 7.92 11.86 10.76 16.90 16.23 0.074
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duplicate measurements of sample i, and n is the total number of duplicate measurements 
taken.  
 
The target n-alkanes in the samples were analyzed in the precision tests. Each of the 7 
samples was analyzed twice, making 14 analyses in total. The concentrations of each 
analysis and the analytical precision based on those analyses are given in Table 2.6. The 
precision tests of the eight n-alkanes are show very good results, with precision ranging 
from 0.025 for n-octacosane and 0.081 for n-triacontane. The predominant biogenic n-
alkanes markers, n-nonacosane and n-hentriaconsanes, have analytical precision smaller 
than 0.05. 
 
The duplicate measurements and their mean values from the precision test of n-alkanes 
also were plotted in Figure 2.8. It shows the deviation of the two measurements and the 
mean of each n-alkane from the duplicate analysis of the seven different samples. 
Different with Table 2.6 which provides the total precision of each individual n-alkane 
from the duplicate analysis of 7 samples, this figure demonstrates the precision generated 
from each sample. For example, the plot of n-pentacosane shows that the measurements 
of sample No.55 and No.117 are more precise than the other samples in identification of 
n-pentacosane. Apparently, the measurements of n-octacosane and n-hentriacontane are 
the most precise because the duplicate measurements are very similar for both of them in  
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Figure 2.8: Measurements and Means for Duplicate Analyses of Seven Samples 
Where circles are duplicate measurements; dots are the mean of the duplicate 
measurements; X axis is the sample number; Y axis is the compound concentration in 
the atmosphere 
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Figure 2.8 (continued) 
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the analysis of every sample. This is consistent with the total precision in Table 2.6 with 
the two lowest p values for n-octacosane (0.025) and for n-hentriacontane (0.048).  
 
Analysis precision of the other molecular markers can be assumed to a similar value of 
that of n-alkanes based on previous analysis. The results of the interlaboratory 
comparison study reported in later section 2.4.4 also provide more evidence for this 
assumption. 
 
2.4.2 Analysis Precision of RRF 
It should be noted that response factors have a strong influence on the analytical results 
of the molecular markers. It is important to ensure the consistency of the response factors 
from day-to-day and month-to-month. In this study, a series of tests of response factors 
was performed, including precision tests of the response factors from single-point 
calibration of some compounds and the response factors from five-point calibration of all 
target compounds. 
 
The response factors listed in Table 2.7 are from single-point calibration. In this precision 
test, a PAH standard was analyzed using exactly the same analytical process for the 
samples for triple times on 10/17/2002. This PAH standard is the level 3 calibration 
standard with an equal concentration of 10 µg/ml for each of the 4 PAH and C24D50.  
Only the target PAH in that standard were used for estimations of the precision of the 
response factors, which were calculated from single point calibration. The duplicate  
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Table 2.7: Precision of RRF from a PAH Standard with Single-point Calibration 
10/17/2002   Replicate       
PAH standard a b c MEAN %RSD 
 RRF RRF RRF RRF RRF 
C24D50 (IS)      
benzo[b]fluoranthene 0.560 0.663 0.651 0.625 8.98 
benzo[k]fluoranthene 0.581 0.803 0.646 0.677 16.9 
benzo[e]pyrene 0.624 0.825 0.688 0.712 14.4 
indeno[1,2,3-cd]pyrene 0.353 0.485 0.423 0.421 15.6 
 
 
 
analyses of the response factors are fairly precise, with percent relative standard 
deviations <16.9%. The percent relative standard deviation (%RSD) is calculated from 
equation (4) below: 
 
mean
deviationstandard100deviationstandardrelative% ×=     (4) 
 
It is essential to know the precision of the response factors from the five-point calibration 
curves since they were important components in the computation equations to quantify 
the molecular markers in all the samples. This precision was expressed by the relative 
standard deviation (RSD) of the slopes of the calibration curves. Thus the standard 
deviation of the slopes were calculated first by the following equations (Skoog, West and 
Holler, 1996). 
 
For convenience, define three quantities Sxx, Syy, and Sxy as follows: 
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where xi and yi are individual pairs of data for x and y, N is the number of pairs of data 
used in preparing the calibration curve, and x  and y  are the average values for the 
variables, that is,  
 
                              
N
y
yand
N
x
x ii ∑∑ ==    
Note that Sxx and Sxy are the sum of the squares of the deviations from the mean for the 
individual values of x and y.  
 
The standard deviation about regression sr: 
                                      
                              
2
2
−
−=
N
SmS
s xxyyr                                                                    (8) 
where m is the slope of the regression line. The values of m can be read from the 5-point 
calibration curves shown in page 22 to 29. 
 
The standard deviation of the slope sm: 
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The standard deviation of the intercept sb: 
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The calculation of the standard deviation of the calibration slopes of n-pentacosane is 
shown as an example in Table 2.8. Thus the RSD of the RRF from the calibration curve 
of n-pentacosane is 
35.4
107.1
048.0100100 =×=×=
m
SRSD mm  
 
The same type of calculation was performed for the calibration curves of all molecular 
markers. Their RSD values of RRF are listed in Table 2.9. 17α,21β-hopane has the 
smallest RSD for its RRF, which is as low as 1.08%, followed by n-octacosane (C28) with 
2.5% of RSD. Most RRF of analyzed organics have RSD values less than 10% except for 
two low molecular weight n-alkanoic acids and all the PAH. n-Decanoic acid and n-
dodecanoic acid has RSD of 13.3% and 10.3%, respectively. All the RRF of the PAH 
show high RSD, ranging from 13.5% to 23.7%, which are greater than any other markers.  
 
The high RSD of the RRF of PAH are consistent with the relatively poor linear 
correlations of the calibration curves with R2 as low as 0.85. While R2 of most other  
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Table 2.8: Calculation of RSD of the Calibration Slope of n-Pentacosane 
xi yi xi2 yi2 xiyi 
     
0.05 0.031 0.0025 0.0010 0.00155 
0.5 0.42 0.25 0.18 0.21 
1 0.66 1.00 0.44 0.66 
2 1.92 4.00 3.68 3.84 
      5 5.40 25.00 29.19 27.01 
∑           8.55 8.43 30.25 33.49 31.73 
     
     
Sxx=15.63  Syy=19.26 Sxy=17.30 
slope, m=1.107 intercept, b= -0.206  
Sr=0.19   Sm=0.048 Sb=0.118 
 
 
 
markers are greater than 0.95. This low correlation coefficient or high RSD of the 
calibration curves of PAH indicates that the analysis of PAH was less reproducible at 
different concentration levels, particularly at the low levels. PAH were barely detected 
for the calibration level 1 and level 2, which are less than 5 µg/ml.  
 
It is particularly important to know the temporal reliability of the response factors for the 
purpose of consistent analytical measurements for all the samples. In the case of large set 
of samples, like this study (71 samples), it is not feasible to establish an entire set of five-
point mass calibration curves for the analysis of each single sample. In this study, the 
analytical measurements of all the target compounds were based on the only set of five-
point calibration, which was done immediately prior to the sample analysis. Total sample 
analysis was complete three months later. Therefore, the consistency of the response 
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factors ought to be evaluated over this period of time during which all samples have been 
analyzed. The approach in this study was to partially construct a second five-point 
calibration set by the end of the analysis of all samples and estimate the deviation 
between the two sets of the response factors. This approach was adopted based on the 
good consistency of single-point calibrated response factors which were carefully 
monitored in previous analyses. 
 
The comparison of two sets of response factors showed that the five-point calibrated 
response factors are highly reproducible during the complete sample analysis process 
(Table 2.10) for most molecular markers tested. Low RSD were observed for n-alkanes 
with carbon number less than 32 (RSD<6.5%), hopanes (RSD=6.3%), and some PAHs, 
like BbF and BkF (RSD <8.3%), although relatively high RSD were measured for 
palmitic acid (C16) and BeP with RSD equal to 32.0% and 48.5%, respectively. Overall, 
the five-point calibrated response factors used for the analysis of the samples are fairly 
consistent, which make the ambient concentration measurements of the molecular 
markers known and reliable. 
 
2.4.3 Analysis Bias of a PAH Standard 
The accuracy of the measurements is a critical point to evaluate the analytical method.  
The accuracy of the analytical method in this study was examined by the analysis of 
National Institute of Standard and Technology (NIST) certified PAH standard. Only 
target PAH compound in the NIST standard were analyzed for the purpose of estimation 
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Table 2.9: RSD of the Five-point Mass Calibration 
  RRF           % RSD   
 slope intercept  RRF regression intercept 
n-Alkanes m b   RSDm RSDr RSDb 
C25 1.11 -0.21  4.35 17.20 10.70 
C26 1.03 -0.21  3.55 14.02 8.72 
C27 0.93 -0.15  3.05 12.06 7.50 
C28 0.82 -0.14  2.50 9.87 6.14 
C29 0.80 -0.23  4.90 19.38 12.06 
C30 0.80 -0.20  9.92 39.21 24.40 
C31 0.52 -0.13  6.35 25.09 15.61 
C32 0.22 -0.06  5.09 20.11 12.51 
       
PAH       
Benzo[b]fluoranthene 0.62 -0.18  13.49 20.49 16.53 
Benzo[k]fluoranthene 0.70 -0.22  16.00 24.30 19.61 
Benzo[e]pyrene 0.70 -0.21  16.03 24.35 19.65 
Indeno[1,2,3-cd]fluoranthene 0.50 -0.16  23.67 35.97 29.01 
Indeno[1,2,3-cd]pyrene 0.51 -0.18  23.53 35.74 28.83 
       
Hopane       
17a,21B,hopane 1.29 -0.07  1.08 0.47 0.37 
       
n-Alkanoic Acids       
C10 0.80 0.03  13.34 80.05 56.74 
C11 1.04 -0.15  9.11 54.63 38.73 
C12 1.10 -0.02  10.34 62.07 44.00 
C13 1.18 -0.15  9.13 54.77 38.83 
C14 1.20 -0.30  8.14 48.85 34.63 
C15 1.22 -0.34  9.13 54.77 38.83 
C16 1.21 -0.39  9.90 59.40 42.11 
C17 1.10 -0.44  9.32 55.89 39.62 
C18 1.04 -0.43  7.52 45.13 31.99 
C19 0.95 -0.46  8.47 50.82 36.02 
C20 0.96 -0.40  6.30 37.82 26.81 
C21 0.77 -0.37  5.68 34.11 24.18 
C22 0.67 -0.34  5.62 33.69 23.89 
C23 0.59 -0.28  3.57 21.40 15.17 
C24 0.61 -0.33  5.32 31.94 22.64 
C25 0.50 -0.26  3.99 23.97 16.99 
C26 0.44 -0.27  5.06 30.34 21.51 
C27 0.42 -0.25  4.97 29.81 21.13 
C28 0.42 -0.27  5.88 35.25 24.99 
C29 0.37 -0.24  7.00 42.00 29.78 
C30 0.31 -0.20  9.91 59.46 42.15 
       
 
49 
 
Table 2.9 (continued) 
       
Dicarboxylic Acids       
malonic 0.64 -0.32  4.10 24.03 17.29 
succinic 1.39 -0.49  9.57 56.03 40.30 
methyl succinic 0.96 -0.19  9.49 55.58 39.98 
glutaric 1.32 -0.68  9.24 54.12 38.93 
malic 0.51 -0.27  8.30 48.62 34.97 
adipic 0.75 -0.49  8.07 47.26 34.00 
suberic 0.87 -0.51  6.00 35.13 25.27 
phthalic 5.71 -1.24  4.50 26.35 18.95 
isophathalic 5.47 -2.94  8.30 48.59 34.95 
azelaic 1.05 -0.57   7.05 41.31 29.72 
 
 
 
Table 2.10: Reproducibility of Five-point RRF Over Months 
Molecular Markers Nov, 2002 Feb, 2003 %RSD 
     
n-Pentacosane 1.11 1.13  1.42 
n-Hexacosane 1.03 0.992  2.36 
n-Heptacosane 0.928 0.942  1.07 
n-Octacosane 0.816 0.842  2.23 
n-Nonacosane 0.805 0.809  0.324 
n-Triacontane 0.795 0.855  5.15 
n-Hentriacontane 0.516 0.566  6.53 
n-Dotriacontane 0.216 0.283  19.0 
     
benzo[b]fluoranthene 0.620 0.698  8.30 
benzo[k]fluoranthene 0.698 0.645  5.54 
benzo[e]pyrene 0.705 0.345  48.5 
     
17a,21B,hopane 1.29 1.20  5.02 
     
Palmitic acid (C16) 1.21 0.762   32.0 
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 with the same analytical method for the samples. The results of the accuracy tests are 
reported as analytical bias, which can be calculated from the following equation:  
 
ionconcentratcertified
ionconcentratcertifiedresultanalysisbias −= *100%                      (11) 
 
 
Table 2.11: Analysis Bias with Five-point Calibration 
 Certified Analyzed %bias RRF 
 Conc.(µg/ml) Conc.( µg/ml)  5-point 
BbF 5.25 7.01 33.5 0.620 
BkF 5.57 5.96 7.1 0.698 
BeP 5.62 6.15 9.5 0.705 
InP 6.29 4.94 -21.5 0.514 
                                  BbF: benzo[b]fluoranthene; BkF: benzo[k]fluoranthene;  
                                  BeP: benzo[e]pyrene; InP: indeno[1,2,3-cd]pyrene 
 
 
The target PAH in NIST 1491 were quantified by the 5-point calibrated response factors 
that were used for the analysis of the samples. Table 2.11 shows the bias of analysis of 
target PAH with five-point calibration of 7.1% for benzo[k]fluoranthene to 33.5% for 
benzo[b]fluoranthene. The 33.5% of bias from analysis of benzo[k]fluoranthene probably 
has the highest bias regard to the accuracy of the analysis in terms of all the target 
molecular source markers. This assumption is derived from difficulties associated with 
identification and the relatively low reproducibility of the response factors of PAH from 
the 5-point calibration curves. PAH have the highest relative standard deviation (RSD) of 
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the response factors from the calibration curves and the lowest reproducibility of the 
response factors among all the molecular markers, which were discussed in the previous  
section of 2.4.2, (see Table 2.9 and Table 2.10). Therefore the overall bias of the analysis 
of the molecular markers in standards using the analytical method should be less than 
33.5%.  
 
A simplest way to verify the bias value of PAH analysis is to test it again with response 
factors from another single point calibration. A single point PAH calibration standard 
was analyzed in triplicate to generate the average response factors for the quantification 
of the PAH in NIST standard 1491. The NIST standard 1491 was also analyzed three 
times. The bias from the test with one-point calibration is listed in Table 2.12. The 
response factors used for computing the analysis bias are the average response factors 
from three duplicate measurements in order to minimize the random error of the analysis. 
The bias shown in Table 2.12 range from –18.0 to 38.1%, which is in a similar range of 
that in Table 2.11, –21.5 to 33.5%. Thus the bias of the analytical method is confirmed to 
be less than 33.5%. 
 
The comparison of analytical bias based on one-point and five-point calibration of the 
certified PAH standard suggests that five-point calibration might not necessarily result in 
more accurate measurements than one-point calibration. Given the similarity of 
measurement bias. The one-point calibration is a more efficient way to obtain response 
factors considering the large amount of effort required for five-point calibration. 
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However, the consistency of the response factor should be carefully monitored when one-
point calibration is performed.  
 
2.4.4  NIST Interlaboratory Comparison Study 
As a part of the SOAP study, our laboratory participated in an interlaboratory comparison 
study organized by The National Institute for Standard and Technology (NIST) for 
measurements of organic components of PM2.5 in atmospheric particles. The purpose of 
this study is to test the consistency of the analytical methods that are used in different 
research laboratories. More than 10 laboratories currently analyzing organic components 
in airborne particulate matter participated in this study. NIST is responsible for analyzing 
the reported results from those laboratories and informing the participants the results. In 
total, three air particulate samples were distributed as 1) air particulate extracts in 5 
ampoules with 1 ml in each; 2) air particle about 100 mg; and 3) urban dust (SRM 1649a) 
about 100 mg.  
 
The air particulate sample was divided into three duplicates (20.0 mg in each) and 
extracted in three glass fiber thimbles following the same extraction protocol used for the 
Philadelphia samples. Perdeuterated n-tetracosane (C24D50) was added into each air 
particulate replicate sample (2.0 µg each) as the internal standard immediately prior to the 
soxhlet extraction. For convenience, the three replicate extracts were named Air P1, Air 
P2 and Air P3. The three replicate urban dust samples were prepared in the same way as 
the air particle samples, resulting in three urban dust extracts SRM1, SRM2 and SRM3. 
Three air particle extracts were taken from the ampoules No.4, No.2 and No.3 and C24D50  
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Table 2.12: Analysis Bias with One-point Calibration  
NIST1491 Certified Conc. %bias Conc. %bias Conc. %bias 
 Conc.(µg/ml) a   b   c   
BbF 5.25 5.92 12.8 4.86 -7.48 5.83 11.0 
BkF 5.57 5.45 -2.24 4.79 -14.0 4.57 -18.0 
BeP 5.62 6.65 18.3 5.57 -0.81 6.75 20.1 
InP 6.29 8.68 38.1 5.75 -8.66 8.18 30.0 
All analyzed concentrations are calculated using the mean RF in the following 
        
  RRF RRF RRF RRF    
 Mean a b c    
BbF 0.625 0.560 0.663 0.651    
BkF 0.677 0.581 0.803 0.646    
BeP 0.712 0.624 0.825 0.688    
InP 0.421 0.353 0.485 0.423       
 
 
 
was added (2.0 µg each) as the internal standard. Thus three replicate extracts were 
generated with names of Extract 4, Extract 2 and Extract 3. In total, nine sample extracts 
were prepared for analysis by GC/MS, namely three replicate extracts for each of the air 
particulate sample, urban dust sample and air particulate extracts.    
 
The nine individual interlaboratory comparison sample extracts were analyzed by the 
same analytical method used for the Philadelphia ambient PM samples. Response factors 
were obtained with a five-point mass calibration which was done immediately before the 
analysis of the NIST intercomparison samples. The results of the concentration 
measurements for the interlaboratory comparison study are given in Table 2.13. Fifty-two 
individual target compounds are identified and their concentrations (mg/kg) are reported 
in our study.  
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The precision of the analytical results of the interlaboratory comparison samples are 
expressed in the same way as the precision of the Philadelphia samples by equation (3) in 
section 2.4.1. However caution is needed when comparing this precision to that from the 
particulate samples collected in Philadelphia. Measurement precision values for the 
Philadelphia samples are produced by the duplicate measurements of the same sample 
extract using GC/MS, whereas the precision of the measurements of the interlaboratory 
comparison samples are from the combination of the preparation and the analysis of the 
duplicate samples. As a result, the precision measurements of interlaboratory comparison 
samples indicate partially the reproducibility of sample handling (e.g. sample preparation, 
including weighting, addition of the internal standard, extraction, transferring and 
storage) and sample analysis (e.g. measurements and detection by GC/MS ion trap 
analysis).  
 
The measurements of the three replicate samples for all NIST sample types gave a 
precision ranging from 0.0079 to 0.187. The measurements of palmitic acid (C16 mono 
acid) in the urban dust sample generates the highest precision with p=0.0079, while 
22S,17α(H),21β(H)-30-bishomohopane in the air particle extracts has the lowest 
precision with p=0.187. n-Hexacosane and C16 alkanoic acid are the only test compounds 
with high precision (p <0.05) for f all NIST sample types ( air particle, urban dust SRM, 
and air particulate extract). Other compounds, such as n-alkanes (C26, C28, C30), some 
hopanes and benzo[b]fluoranthene show high precision only in the analysis of one or two 
samples. Most hopanoid compound and PAH have relatively low measurement precise, 
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and generally the p values are in the range of 0.06-0.15. These results have been 
submitted to NIST for comparison to results of the other participating laboratories. 
 
The overall precision values for individual compounds in the NIST are listed in Table 
2.14. In this table, an individual compound is associated with the measurements of all 
replicates for each of the three samples (9 measurements in total). Precision from these 
measurements and precision from the measurements of the Philadelphia samples are 
presented for comparison. The total precision of the measurements of some molecular 
markers in the three samples range from 0.0144 (palimitic acid) to 0.128 
(benzo[k]fluoranthene). Five out of 13 compounds have high precision with p<0.05, such 
as two n-alkanes, palmitic acid, two hopane isomers, while all the three PAH show 
p>0.05.  
 
The two precision measurements from two different sets of samples are fairly consistent 
with the same range of p, from 0.02 to 0.08 for four n-alkanes (Table 2.14). This 
consistency of precision demonstrates that the entire analytical method including sample 
extraction, handling and analysis by GC/MS is highly reproducible. The greatest 
measurement deviation results from analysis by GC/MS. The error associated with 
sample preparation probably is negligible. 
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2.4.5 Recovery Tests 
Recovery of a compound is the ratio of the amount detected into the GC/MS to the actual 
amount present in the sample. Recoveries of the target compounds are expected to vary 
because of difference in amounts evaporating or adsorbing on glassware during 
extraction and preparation of the samples for analysis. This is addressed by adding the 
internal standards which monitor the cumulative loss processes throughout the analysis 
steps. Use of internal standards works best if the internal standard has similar properties 
to the compound analyzed. Good results can still be obtained with an internal standard 
that has different properties affecting its recovery as long as the differences in recovery 
are reproducible. If these differences are not reproducible, poorer precision will result 
unless an additional internal standard with more similar properties is used. 
 
Four recovery standards representing a range of volatilities and functional groupswere 
spiked to the sample filter prior to the extraction of all samples. The standards were 
C24D50 (perdeuterated n-tetracosane), C30D62 (perdeuterated n-triacontane), pyrene-d10 
(perdeuterated pyrene) and C12D23 (perduterated lauric acid). The reproducibility of using 
C24D50 as an internal standard for quantifying less volatile alkanes (carbon number 
between 27 and 32) was tested by comparing the area ratios of C30D62 to it. Similar tests 
were carried out with pyrene-d10 and C12D23 to test the applicability of C24D50 as an 
internal standard for other compound classes. These tests provide valuable information on 
how much difference it would make when select internal standards of different classes 
and volatilities. 
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Table 2.13: Results of the Interlaboratory Comparison Study 
  Air P1 Air P2 Air P3 Mean   
*RRF Compounds Identified (mg/kg) (mg/kg) (mg/kg) (mg/kg) Precision #p<0.05
0.9915 n-Hexacosane 68.6 76.8 77.1 74.1 0.0382 Yes 
0.8417 n-Octacosane 42.0 45.3 45.2 44.2 0.0249 Yes 
0.8551 n-Triacontane 24.5 25.4 23.8 24.6 0.0217 Yes 
0.2831 n-Dotriacontane 41.9 40.9 33.6 38.8 0.0713  
        
0.7615 n-Hexadecanoic acid (palmitic acid) 366.24 360.44 345.27 357.3 0.0196 Yes 
        
1.2038 17α(H),21β(H)-29-Norhopane 15.41 16.97 15.05 15.8 0.0405 Yes 
1.2038 22S,17α(H),21β(H)-30-Homohopane 8.66 11.81 9.87 10.1 0.1040  
1.2038 22R,17α(H),21β(H)-30-Homohopane 11.53 10.87 10.09 10.8 0.0444 Yes 
1.2038 22S,17α(H),21β(H)-30-Bishomohopane 10.62 8.96 9.84 9.80 0.0565  
1.2038 22R,17α(H),21β(H)-30-Bishomohopane 5.83 6.56 6.03 6.14 0.0396 Yes 
        
0.6978 benzo[b]fluoranthene 14.01 13.42 10.58 12.7 0.0900  
0.645 benzo[k]fluoranthene 3.22 4.07 5.17 4.2 0.1548  
0.3449 benzo[e]pyrene 9.52 12.64 12.93 11.7 0.0972  
        
  SRM 1 SRM 2 SRM 3 Mean   
  (mg/kg) (mg/kg) (mg/kg) (mg/kg) Precision p<0.05
0.9915 n-Hexacosane 72.0 76.4 71.7 73.3 0.0214 Yes 
0.8417 n-Octacosane 42.1 40.3 34.0 38.8 0.0696  
0.8551 n-Triacontane 20.9 23.8 15.1 19.9 0.1457  
0.2831 n-Dotriacontane 40.6 42.9 28.0 37.2 0.1335  
        
0.7615 n-Hexadecanoic acid (palmitic acid) 420.64 436.71 440.98 432.8 0.0157 Yes 
        
1.2038 17α(H),21β(H)-29-Norhopane 14.24 16.62 14.89 15.3 0.0519  
1.2038 22S,17α(H),21β(H)-30-Homohopane 8.33 7.38 8.93 8.22 0.0629  
1.2038 22R,17α(H),21β(H)-30-Homohopane 7.82 7.11 7.65 7.53 0.0314 Yes 
1.2038 22S,17α(H),21β(H)-30-Bishomohopane 5.20 9.02 6.21 6.81 0.1870  
1.2038 22R,17α(H),21β(H)-30-Bishomohopane 6.21 4.03 5.70 5.31 0.1368  
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Table 2.13 (continued) 
        
0.6978 benzo[b]fluoranthene 14.37 14.97 14.90 14.7 0.0136 Yes 
0.645 benzo[k]fluoranthene 3.07 4.92 5.26 4.42 0.1652  
0.3449 benzo[e]pyrene 8.99 9.43 10.50 9.64 0.0522  
        
  Extract 4 Extract 2 Extract 3 Mean   
  (#197) (#135) (#186)    
  (mg/kg) (mg/kg) (mg/kg) (mg/kg) Precision p<0.05
0.9915 n-Hexacosane 65.7 66.7 64.3 65.6 0.0122 Yes 
0.8417 n-Octacosane 42.5 42.1 40.5 41.7 0.0160 Yes 
0.8551 n-Triacontane 22.0 20.3 22.3 21.5 0.0310 Yes 
0.2831 n-Dotriacontane 44.6 42.4 39.2 42.1 0.0428 Yes 
        
0.7615 n-Hexadecanoic acid (palmitic acid) 369.81 362.63 361.17 364.5 0.0079 Yes 
        
1.2038 17α(H),21β(H)-29-Norhopane 11.36 10.55 11.99 11.3 0.0425 Yes 
1.2038 22S,17α(H),21β(H)-30-Homohopane 8.39 6.83 8.16 7.8 0.0667  
1.2038 22R,17α(H),21β(H)-30-Homohopane 4.73 4.12 5.00 4.6 0.0638  
1.2038 22S,17α(H),21β(H)-30-Bishomohopane 4.57 4.05 5.35 4.7 0.0922  
1.2038 22R,17α(H),21β(H)-30-Bishomohopane 5.20 3.96 4.84 4.7 0.0879  
        
0.6978 benzo[b]fluoranthene 6.46 9.97 9.96 8.8 0.1330  
0.645 benzo[k]fluoranthene 2.18 2.38 2.63 2.4 0.0625  
0.3449 benzo[e]pyrene 6.40 8.93 9.44 8.3 0.1221   
                                      *RRF: Relative Response Factor. Internal standard was C24D50 
                                                         #: p was defined as relative difference of duplicate analyses and computed from equation (3) 
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Table 2.14: Measurement Precision of Interlaboratory Comparison Samples 
 
  Measurements of The Interlaboratory Comparison Samples (mg/kg)     Precision *Precision
   Air Particle   Urban Dust Air Particle Extracts n=9 n=14
n-Hexacosane 68.6 76.8 77.1 72.0 76.4 71.7 65.7 66.7 64.3 0.0239 0.055
n-Octacosane 42.0 45.3 45.2 42.1 40.3 34.0 42.5 42.1 40.5 0.0368 0.025
n-Triacontane 24.5 25.4 23.8 20.9 23.8 15.1 22.0 20.3 22.3 0.0661 0.081
n-Dotriacontane 41.9 40.9 33.6 40.6 42.9 28.0 44.6 42.4 39.2 0.0826 0.074
        
n-Hexadecanoic acid (palmitic acid) 366.24 360.44 345.3 420.64 436.71 440.98 369.81 362.63 361.17 0.0144         - 
        
17α(H),21β(H)-29-Norhopane 15.41 16.97 15.05 14.24 16.62 14.89 11.36 10.55 11.99 0.0450        - 
22S,17α(H),21β(H)-30-Homohopane 8.66 11.81 9.87 8.33 7.38 8.93 8.39 6.83 8.16 0.0778        - 
22R,17α(H),21β(H)-30-Homohopane 11.53 10.87 10.09 7.82 7.11 7.65 4.73 4.12 5.0 0.0464        - 
22S,17α(H),21β(H)-30-Bishomohopane 10.62 8.96 9.84 5.2 9.02 6.21 4.57 4.05 5.35 0.1122        - 
22R,17α(H),21β(H)-30-Bishomohopane 5.83 6.56 6.03 6.21 4.03 5.7 5.2 3.96 4.84 0.0883        - 
         
benzo[b]fluoranthene 14.01 13.42 10.58 14.37 14.97 14.9 6.46 9.97 9.96 0.0789        - 
benzo[k]fluoranthene 3.22 4.07 5.17 3.07 4.92 5.26 2.18 2.38 2.63 0.1281        - 
benzo[e]pyrene 9.52 12.64 12.93 8.99 9.43 10.5 6.4 8.93 9.44 0.0907        - 
*: Precision values are from measurements of the Philadelphia samples, Table 2.6.        
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 Table 2.15: Reproducibility of the Recovery Standards 
Area Ratio of Recovery Analysis Period Sample Number Mean coefficient
Stds/Internal Std    of variation
    % 
pyrene-d10/ C24D50 11/22-12/10/2002 n=62 0.880 40.9 
C30D62/ C24D50 11/22-12/10/2002 n=64 1.03 37.1 
C12D23/ C24D50 12/11/2002-1/2/2003 n=72 0.585 34.2 
 
 
 
The area ratios of pyrene-d10/ C24D50 and C30D62/ C24D50 were obtained for an analysis 
period 11/22 to 12/10/2002, and ratios for C12D23/ C24D50 covered 12/11/2002 to 
1/2/2003. The area ratios of C30D62, pyrene-d10 and C12D23 to C24D50 in the samples are 
listed in Table 2.15. Even with a large sample number (n>60), the area ratios of the 
recovery standards to the internal standard show relatively high coefficient of variation of 
34.2% to 40.9%. These comparisons to C24D50 alone indicate the quantification of target 
compounds using a single internal standard (C24D50) is not highly reproducible, which 
could in turn affect the precision and accuracy of the analytical measurements.  
 
An alternative way to have higher recovery reproducibility is to use more than one 
internal standard for sample analysis, because then a target compound will be determined 
by the internal standard that is most similar in volatility and functional group 
composition. Although using more internal standards might improve the reproducibility 
to some extent, the degree of the improvement needs to be estimated. The use of multiple 
internal standards must be evaluated carefully in terms of some disadvantages, such as 
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more interference due to adding new compounds into the samples and extra laboratory 
work. 
 
2.5 Optimization of GC/MS 
The carrier gas flow rate and column temperature program have been optimized along 
with a proper selection of column coating thickness and length to maximize the 
compound resolution by gas chromatography. Table 2.16 lists the optimized condition of 
gas chromatography / mass spectrometry. The resolution of the gas chromatography is an 
important factor influencing the analytical results. It depends largely on the carrier gas 
flow rate, the coating thickness and length of the selected column, and the column 
temperature program. Ideally, slow carrier gas flow rate, thick stationary phase film 
coated on the column, a long column, and a slow column heat rate would be required for 
maximum resolution. However, in reality, the individual compounds would suffer 
substantial losses and the analysis period would be too long.  
 
As for the mass spectrometry, the sensitivity has been optimized in several ways, for 
example, adjusting the filament emission current. High filament emission current may 
increase the sensitivity, but cause over-population of ions in trap. The GC/MS has also 
been maintained properly to provide consistent analytical conditions, particularly (e.g. 
compound detection limits). The setting values of the parameters with regard to 
optimized analytical conditions are listed in Table 2.16.  
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Table 2.16: Gas Chromatograph and Mass Spectrometry (GC/MS) Conditions 
Gas chromatograph Varian 3800
 
Mode Split
Inlet temperature 290 °C
Pressure 15.0 psi
Split ratio 10:1
Split flow 29.3 mL/min
Oven 
Initial temperature 50 °C
Initial hold time 3 min
Rate 20 °C/min
Intermediate temperature 150 °C
Intermediate hold time 3 min
Rate 4 °C/min
Final temperature 280 °C
Final hold time 17 min
Oven max temperature 280 °C
Column DB-1701 fused silica capillary 
Agilent J&W Serial no. US2230621H
Length 30 m
Diameter 250 µm
Film thickness 0.25 µm
Column flow 0.7 mL/min
Average velocity 37.0 cm/sec
Mode Constant pressure
Inlet Front
Outlet MS
Outlet pressure Vacuum
Mass spectrometer Varian 2000
EM voltage 1800-2050 volts upon tuning 
Low mass 40 m/z
High mass 45 m/z
Manifold temperature 40 °C
Ion trap temperature 225 °C
Transfer line temperature 320 °C
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3. Results and Discussion 
3.1  Ambient Concentration  
All target molecular markers (Table 2.13) were identified successfully in the fine particle 
samples collected in Philadelphia during 2000. Approximately 50 to 60 individual 
organic species were found including n-alkanes, PAHs, hopanes, n-alkanoic acids and 
dicarboxylic acids in each of 71 samples. The daily measurements of the total n-alkanes 
(ranging from n-pentacosane to n-tritriacontane) during the collection period are in range 
of 7.06-124.6 ng/m3, total PAHs (benzofluoranthenes, benzopyrenes, etc.) 0.097-11.2 
ng/m3, and total hopanes (17α(H),21β(H)-29-Norhopane, 17α(H),21β(H)-Hopane etc.) 
0.34-18.9 ng/m3, n-alkanoic acids (ranging from C10 to C30) 6.1-486.9 ng/m3, 
dicarboxylic acids (ranging from C3 to C9) 0.65-172.7 ng/m3. Figure 3.1 and Figure 3.2 
show daily measurements for non-polar species (n-alkanes, PAH and hopanes) and polar 
species (n-alkanoic acids and dicarboxylic acids). The fine particle samples were 
collected daily 01/21-02/05 for winter, 03/28-4/20 for spring, 07/31-08/12 for summer, 
and 10/16-11/02 for fall in 2000.  
 
The Carbon Preference Index is defined as the ratio of the total mass of individual 
alkanes with the odd number of carbon atoms divided by the total mass of alkanes with 
the even number of carbon atoms.  is from 0.9 to 4.8. n-Alkanes constitute 5-51% in the 
total yield (sum of all organic compounds identified) , 0.2-11% for PAH, 1-49% for 
dicarboxylic acids, 24-96% for alkanoic acids, and 0.6-7% for hopanes. 
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Figure 3.1: Ambient Concentrations of Non-polar Molecular Markers in Philadelphia, 2000 
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Figure 3.2: Ambient Concentrations of Polar Molecular Markers in Philadelphia, 2000
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Table 3.1: Ambient Concentrations of Individual Organic Molecular Marker  
                            in the Fine Particles of Philadelphia in 2000 
 
          
Concentration 
(ng/m3)     
     Carbon Winter Spring Summer Fall Annual
Compound name      Number 1/21-2/5 3/28-4/20 7/31-8/12 10/16-11/2 2000 
n-Alkanes          
n-Pentacosane    C25 5.7 3.4 2.2 3.4 3.7 
n-Hexacosane    C26 3.8 2.2 1.9 2.4 2.6 
n-Heptacosane    C27 3.9 2.6 2.2 3.5 3.1 
n-Octacosane    C28 2.7 1.8 1.8 2.5 2.2 
n-Nonacosane    C29 4.9 3.7 3.6 9.7 5.4 
n-Triacontane    C30 2.3 1.8 1.7 3.0 2.2 
n-Hentriacontane    C31 5.8 5.9 5.9 16.1 8.4 
n-Dotriacontane    C32 5.5 4.9 5.5 8.9 6.2 
           
Total n-Alkanes (C25-C32)   34.4 25.9 26.3 49.5 34.0 
           
n-Alkanoic acids          
n-Decanoic acid    C10 1.3 0.8 2.2 1.3 1.4 
n-Undecanoic acid    C11 0.7 0.4 0.6 0.5 0.6 
n-Dodecanoic acid    C12 2.1 1.0 1.1 2.0 1.5 
n-Trodecanoic acid    C13 0.5 0.5 0.9 0.7 0.7 
n-Tetradecanoic acid    C14 4.1 5.7 5.7 6.9 5.6 
n-Pentadecanoic acid    C15 1.2 1.9 3.6 2.4 2.3 
n-Hexadecanoic acid    C16 35.6 58.8 89.1 58.4 60.5 
n-Heptadecanoic acid    C17 1.2 1.9 4.7 2.2 2.5 
n-Octadecanoic acid    C18 18.8 36.8 76.5 35.1 41.8 
n-Nonadecanoic acid    C19 0.4 0.4 0.7 0.4 0.5 
n-Eicosanoic acid    C20 1.1 1.2 2.6 1.5 1.6 
n-Heneicosanoic acid    C21 0.7 0.3 0.5 0.5 0.5 
n-Docosanoic acid    C22 2.2 1.0 1.7 1.9 1.7 
n-Tricosanoic acid    C23 0.5 0 0.6 0.7 0.4 
n-Tetracosanoic acid    C24 2.8 1.2 2.0 2.4 2.1 
n-Pentacosanoic acid    C25 0.4 0.1 0.4 0.5 0.4 
n-Hexacosanoic acid    C26 1.9 0.7 1.6 2.3 1.6 
n-Heptacosanoic acid    C27 0.1 0.1 0.4 0.4 0.3 
n-Octacosanoic acid    C28 0.8 0.4 1.3 1.9 1.1 
n-Nonacosanoic acid    C29 0.0 0.1 0.1 0.4 0.1 
n-Triacontanoic acid    C30 0.4 0.1 1.4 1.9 1.0 
           
Total n-Alkanoic acids (C10-C30)  76.8 113.6 184.9 124.3 128.1 
           
Aliphatic dicarboxylic acids       
Propanedioic acid (malonic acid) C3 1.2 0.43 13.2 0.65 3.9 
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Table 3.1 (continued) 
          
Concentration 
(ng/m3)     
     Carbon Winter Spring Summer Fall Annual
Compound name      Number 1/21-2/5 3/28-4/20 7/31-8/12 10/16-11/2 2000 
 
Butanedioic acid (succinic acid)   C4 4.4 3.9 13.0 7.7 7.2 
(methylsuccinic acid)    C5 0.83 0.41 0.79 0.81 0.7 
Pentanedioic acid (glutaric acid) C5 1.47 0.80 1.84 1.59 1.4 
Hydroxybutanedioic acid         
(malic acid)    C4 0.26 0.12 16.23 1.08 4.4 
Hexanedioic acid (adipic acid)  C6 0.87 0.66 1.69 1.72 1.2 
Octanedioic acid (suberic acid)  C8 0.42 0.42 2.69 0.82 1.1 
Nonanedioic acid (azelaic acid)  C9 2.6 3.7 25.5 5.1 9.2 
           
Aromatic polycarboxylic acids       
1,2-Benzenedicarboxylic acid         
(phthalic acid)    C8 1.7 0.6 2.7 1.6 1.6 
1,3-Benzenedicarboxylic acid        
(isophthalic acid)    C8 0.42 0.17 0.38 0.46 0.4 
           
Total  dicarboxylic acids    14.2 11.1 76.9 21.5 30.9 
           
Polycyclic aromatic hydrocarbons      
Benzo[b]fluoranthene   C20 1.4 0.98 0.57 1.1 1.0 
Benzo[k]fluoranthene   C20 1.3 0.69 0.55 0.63 0.8 
Benzo[e]pyrene    C20 0.94 0.70 0.47 0.73 0.7 
Indeno[1,2,3-cd]pyrene   C22 0.62 0.32 0.12 0.33 0.3 
Indeno[1,2,3-cd]fluoranthene  C22 0.02 0.032 0 0 0.0 
           
Total Polycyclic aromatic hydrocarbons 4.05 2.72 2.07 2.75 2.9 
           
Hopanes          
18α(H)22,29,30-Trisnorneohopane C27 0.39 0.50 0.43 0.72 0.5 
17α(H)-22,29,30-Trisnorhopane C27 0.32 0.37 0.40 0.60 0.4 
17α(H),21β(H)-29-Norhopane  C29 1.10 1.22 1.27 1.84 1.4 
18α(H)-29-Norneohopane   C29 0.26 0.24 0.22 0.36 0.3 
17α(H),21β(H)-Hopane   C30 0.89 1.15 1.47 1.82 1.3 
22S,17α(H),21β(H)-30-Homohopane C31 0.44 0.48 0.57 0.83 0.6 
22R,17α(H),21β(H)-30-Homohopane C31 0.28 0.34 0.32 0.51 0.4 
22S,17α(H),21β(H)-30-Bishomohopane C32 0.22 0.24 0.27 0.38 0.3 
22R,17α(H),21β(H)-30-Bishomohopane C32 0.13 0.17 0.25 0.32 0.2 
           
Total hopanes        4.0 4.7 5.4 7.4 5.4 
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Table 3.1 summarizes the seasonal and annual average concentrations (ng/m3) of each 
individual organic source marker identified in the present study. The ambient 
concentrations of these molecular source markers will be discussed in the following 
sections on the basis of compound classification and individual chemical compounds. 
 
3.1.1 PAHs 
The objective of the present study is to identify the particle-phase PAH in ambient air of 
Philadelphia, PA. This effort will provide useful daily and seasonal trends and chemical 
information needed to discuss and identify possible sources of the PAH compounds. PAH 
concentrations will be considered with associated meteorological influences, and will be 
correlated with other molecular markers within the PM samples. 
 
Background 
Polycyclic aromatic hydrocarbons (PAH) are important atmospheric pollutants since 
these compounds are ubiquitous in the atmosphere and contain known mutagenic and 
carcinogenic compounds, e.g. benzo[a]pyrene. Polycyclic organic matter was one of the 
Hazardous Air Pollutants (HAP) regulated by USEPA. Seven compounds in this class 
(benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, 
chrysene, dibenz[a,h]anthracene, and indeno[1,2,3-cd]pyrene) are designated probable 
human carcinogens. The outdoor concentrations of these seven PAH across the 
continental United States in1990 were estimated as a part of the cumulative exposure 
project, and updated in 1996 as the results of National-Scale Air Toxics Assessment 
(NATA), both being conducted by USEPA. The total concentrations of the 7 PAH 
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compounds were predicted as 0.13 µg/m3 in New Jersey in 1996 by a dispersion model. 
This ambient concentration far exceeded the benchmark concentration, 0.018 µg/m3, 
according to the NATA report for New Jersey. The PAH compounds presence of HAP 
thus is of much concern in the Northeastern United States. Including 3 of 7 polycyclic 
aromatic hydrocarbons that are known as HAP, the present study will provide valuable 
air concentrations of PAH in the Northeastern U.S. in 2000. 
 
PAH are produced originally in the gas phase during incomplete combustion or high 
temperature pyrolysis of any material containing C and H (Didyk et al., 2000; Baek et al., 
1991). During cooling after emission, PAH are incorporated into pre-existing particles by 
adsorption and condensation. PAH have been extensively studied in the past 20 years and 
identified in urban and rural air (Blanchard et al., 2002; Zheng et al., 1997; 2000a; 2000b; 
Rogge et al., 1993a; Greenburg et al., 1985, Harkov et al., 1984), coal smoke (Oros et al., 
2000), automobile exhausts (Schauer et al., 2002), biomass burning (Sheesley et al., 
2003; Fang et al., 1999).  
 
PAH are introduced into the atmosphere primarily from both natural combustion such as 
wildfires, volcanic eruptions and anthropogenic sources including biomass burning, 
energy production and transportation. In urban areas anthropogenic sources are the 
predominant sources responsible for the presence of PAH in the atmosphere, and can be 
divided into stationary and mobile sources. PAH have been identified mostly in 
stationary sources, which involve a variety of combustion processes, such as residential 
furnace and heating supply using coal, oil, gas, and wood, industrial processes, 
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incineration, and power generation (Harrison et al., 1996). It was estimated that mobile 
sources including vehicular gasoline and diesel engines emissions contribute only a small 
portion of PAH emissions, 25% in USA, 9% in Sweden and 7% in Norway during early 
1980s (Ramdahl et al., 1983).  
 
It is important to note that PAH source contribution profiles have changed because 
USEPA, states and local governments have developed standards to reduce air toxics since 
1990. Approximately 50 categories of major industries, such as chemical plants, oil 
refineries, aerospace manufacturers, and steel mills are regulated by EPA's national 
standards and are expected to reduce air toxics emissions by over one million tons per 
year when fully implemented. For example, total emissions of volatile organic carbons 
(VOCs) decreased by about 3% from 1990 to 1995, and 28% for fuel combustion 
emissions, 11% for on-road vehicles emissions of VOCs (EPA, 1996).  
 
Apparently seasonal variation of PAH is attributed largely to residential heating since the 
other emission sources are relatively uniform throughout the year. Other causes of 
increased concentration levels of PAH in winter include more frequent inversion layers 
during winter than summer. The mixing height is lower during wintertime than in 
summertime.  
 
Ambient temperature is one of the key factors that determine the distributions of 
individual PAH in the atmosphere between gas and particulate phases. Yamasaki et al. 
(1982) and Pankow et al. (1987) found that the relative abundance of vapor phase PAH to 
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particle phase PAH was correlated highly with the inverse of sampling temperature. 
Gustafson and coworkers (1995) studied the gas-particle phase distribution of PAH as a 
function of ambient temperature in Chesapeake Bay, Virginia, and reported exponential 
increases of gas phase PAH with temperature and a reverse trend for the particle-
associated PAH. During cold weather, the proportion of particulate PAH in total PAH is 
generally greater. PAHs with a molecular weight above or equal to 252 amu exist more 
than 80% in the particulate phase in the whole year (Baek et al., 1991; Gardner et al. 
1995). Consequently, the atmospheric PAH collected in this study are primarily in 
particle phase.   
 
Atmospheric particulate PAH concentrations also are reliant on the size of particle with 
significant concentrations below the respiratory size (<2.5 µm) (Baek et al., 1991). 
Schnelle et al. (1995) reported that more than 85% of atmospheric PAH were associated 
with particle sizes below 1.5 µm, and more than 50% were less than 0.5 µm. This is 
consistent with the finding of Kaupp et al. (1999) that PAH are associated primarily with 
particles of < 1.35 µm. 
  
PAH in Philadelphia  
High molecular weight PAH, benzo[b]fluoranthene (BbF),  benzo[k]fluoranthene (BkF), 
benzo[e]pyrene (BeP), indeno[1,2,3-cd]pyrene (InP)and  indeno[1,2,3-cd]fluoranthene 
(InF), were identified in PM10 samples collected in Philadelphia, PA for this study.  
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Table 3.2: Seasonal Ambient PAH Concentration (ng/m3) in Fine Particles 
PAH   Winter Spring Summer Fall Annual Location  
BbF  1.4 0.98 0.57 1.1 1.02 aPhiladelphia, US, 2000 
  1.9 - 0.34 - - bBirmingham, UK, 1992 
  - - - - 1.1 gU.K., 1990 
  
 
    
 
 
  
BkF  1.3 0.69 0.55 0.63 0.79 aPhiladelphia, US, 2000 
  1.1 - 0.14 - - bBirmingham, UK, 1992 
  - - - - 3.7 gU.K., 1990 
      
 
  
B(b+k)F  - - - - 3.22 cMassachusetts, US, 1994 
  - - - - 1.0-3.16 dHong Kong, 1993 
  0.25 0.24 0.17 0.38 - eGran Canaria, Spain, 1995
        
BeP  0.94 0.7 0.47 0.73 0.73 aPhiladelphia, US, 2000 
  - - - - 1.34 cMassachusetts, US, 1994 
  - - - - 0.43-1.37 dHong Kong, 1993 
  - - - - 0.65-2.37 Fseveral Cities, China, 1990
        
InP  0.62 0.32 0.12 0.33 0.36 aPhiladelphia, US, 2000 
  2.0 - 0.42 - - bBirmingham, UK, 1992 
  - - - - 1.03 cMassachusetts, US, 1994 
  - - - - 0.45-1.80 dHong Kong, 1993 
  - - - - 0.32-1.99 fChina, 1990 
        
InF  0.02 0.032 0 0 0.01 aPhiladelphia, US, 2000 
a: this study     
b: Harrison et al., 1996     
c: Allen et al., 1996      
d: Zheng et al., 1997      
e: A remote island on the Atlantic Ocean, Cancio et al., 2002  
f: Urban areas of Beijin, Guiyang and Guangzhou, Simoneit et al., 1991  
g: Gardner et al., 1995.     
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Ambient concentrations of PAH in the ambient aerosol of Philadelphia are compared 
with other urban sites from previous studies in Massachusetts, Hong Kong, China and 
U.K., and one remote island in Gran Canaria, Spain (Table 3.2). The ambient 
concentrations of each individual PAH (except InF) are comparable in most urban areas 
of various countries with a range of 0.3-3.7 ng/m3. Most PAH in fine particles from 
Philadelphia have a lower concentrations level than those from Massachusetts, US. For 
example, B(b+k)F is 1.81 ng/m3 in Philadelphia, while 3.22 ng/m3 in Massachusetts; BeP 
is 0.73 ng/m3 in Philadelphia, while 1.34 ng/m3 in Massachusetts; InP is 0.36 ng/m3 in 
Philadelphia, while 1.03 ng/m3 in Massachusetts. 
 
The PAH measurements in Philadelphia in both winter and summer are generally higher 
than that in Birmingham, U.K, i.e. 0.57 ng/m3 of BbF in Philadelphia, 0.34 ng/m3 in 
Birmingham during summer. Exceptions exist in InP, which showed higher winter and 
summer measurements in Birmingham, U.K than in Philadelphia, and winter 
measurements of BbF. The ambient concentrations of PAH in fine particles in 
Philadelphia are higher than that in Gran Canaria, Spain by a factor of 4 to 11 in each 
season. This is because Gran Canaria is a remote island located on the Atlantic Ocean and 
lack of major anthropogenic pollution sources. In contrast to remote Atlantic background 
atmosphere, Philadelphia and Birmingham, U.K, exceptionally high level of particle-
associated PAH pollution has been detected in ambient atmosphere of some major 
developing countries, such as Guiyang, China, 2.37 ng/m3 and 1.99 ng/m3 for BeP and 
InP, respectively (Table 3.2). 
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Figure 3.3: Negative Correlation of Particulate PAH with Temperature 
 
 
Ambient temperature also has influences on the atmospheric PAH concentrations (Figure 
3.3). Summertime minima of PAH levels can be attributed to a lack of major primary 
sources (e.g heating), high rate of photochemical degradation and to meteorological 
changes (height of inversion layer, wind speed and direction). 
 
The distribution profiles of PAH in different seasons are shown in Figure 3.4, with a 
descending order of BbF, BkF or BeP, InP. Some PAH source emission profiles are 
compared to the ambient PAH concentrations in Table 3.3 to give an idea of possible 
primary sources for PAH in Philadelphia. Table 3.3 lists the ratios of (BbF+BkF) to BeP 
from this study, noncatalyst gasoline-power motor vehicle emissions and wood 
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combustion emissions. The ambient sample PAH ratios during 4 seasons in this study 
(2.31-2.81) are not similar to either of the ratios from specific sources. This lack of 
similarity indicates a combination of several sources might be responsible for the 
presence of PAH in fine particles in Philadelphia. 
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Figure 3.4: Distribution Profiles of PAH Concentrations of Philadelphia 
 
 
 
3.1.2 n-Alkanes 
Background 
Primary emission sources for the atmospheric n-alkanes include motor vehicle exhaust, 
road dust, cigarette smoke, roofing tar pots and biogenic sources dominated by direct 
emissions from plant wax (Schauer et al., 1996; 1999; 2002; Hildemann et al., 1996;  
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Table 3.3: PAH Profile Comparisons 
   (BbF+BkF)/BeP 
This study, 2000 Ambient concentration (ng/m3)  
 winter 2.80 
 spring 2.39 
 summer 2.38 
 fall 2.31 
   
   
Noncatalyst gasoline tailpipe (µg/km) 1.93a 
Wood burning  (mg/kg wood burned)  
 
 
3.44b 
  a Schauer et al., 2002 
  b Zheng et al., 2002.  
 
 
 
Rogge et al., 1993b; 1993c; 1993d; 1994). Despite their large variety, n-alkane emission 
sources fall into the following two major categories, vehicular emission and plant wax.  
Vehicle-related emissions and leaf detritus have been found two major contributors for 
road dust (Rogge et al., 1993c). Plant wax is a biosynthesized, wax-like lipid layer on the 
leaf surface, growing from the leaf surface cuticle and acts as a boundary barrier 
protecting leaf surface from loss of O2, water vapor, etc. to the atmosphere (Rogge et al., 
1993d).  
 
A diagnostic parameter, carbon preference index (CPI) can be used to estimate the 
relative importance of anthropogenic and biogenic sources for n-alkane presence. While 
CPI>1 indicates significant biogenic sources, CPI~1 indicates anthropogenic source is 
more significant (Simoneit et al., 1982; Rogge et al., 1993a). n-Alkanes emitted from 
plant wax exhibit a strong odd carbon number preference (CPI: 6~9) with C29 and C31 as 
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the dominant n-alkanes (Simoneit, 1986; Simoneit and Mazurek, 1982; Rogge et al., 
1993d). Petroleum contains n-alkanes ranging from C1 to C35 with no carbon number 
preference (CPI: ≈1).    
 
Particle-phase n-alkanes have been identified in the atmosphere of many urban areas, 
such as metropolitan Southern California (Rogge et al., 1993a; Fraser et al., 1997; 1999), 
Eastern Mediterranean (Gogou et al., 1996), Hong Kong (Zheng et al., 1997; 2000), 
China (Simoneit et al., 1991), Indonesia (Fang et al., 1999), Canada (Blanchard et al., 
2002) and rural areas in western United States (Brown et al., 2002; Simoneit et al., 1982), 
Greece (Pio et al., 2001a), and Portugal (Pio et al., 2001b).  
 
n-Alkanes ranging from C21 to C29 have been identified in meat-related operation 
emissions (Schauer et al., 1999b; Rogge et al., 1991), C15-C33 in automobile and heavy-
duty diesel exhausts (Schauer et al., 1999a; 2002; Rogge et al., 1993b; Fraser et al., 
1999), C19-C41 in road dust, tire wear particles, and brake lining particles (Rogge et al., 
1993c), C19-C36 in plant leaf wax emissions (Hildemann et al., 1996; Rogge et al., 
1993d), C19-C33 in natural gas heating appliances (Rogge et al., 1993e), C14-C34 in coal 
smoke (Oros et al., 2000), C20-C35 in cigarette smoke (Rogge et al., 1994), C14-C32 in 
asphalt roofing fumes (Rogge et al.,1997a), C19-C33 in boiler emissions using fuel oil 
(Rogge et al., 1997b), C19-C40 in residential fireplace burning (Rogge et al., 1998).  
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n-Alkanes in Philadelphia 
The high molecular weight n-alkane homologues C25 - C32 were identified in the fine 
particle samples from Philadelphia. The daily concentration of total n-alkanes varies from 
7.1 ng/m3 to 124.6 ng/m3 during the 4 sampling seasons (Figure 3.1, Table 3.4). These 
concentrations are similar to the monthly measurements in downtown Los Angeles in 
1982 of approximately 20 ng/m3 to 110 ng/m3 (Rogge et al., 1993a), and much higher 
than oceanic aerosol concentrations of 1 to 30 pg/m3 (Simoneit and Mazurek, 1982). 
They are also higher than the measurements in an urban site of Hong Kong with 6.5 to 
41.1 ng/m3 of C15-C36 (Zheng et al., 2000).  
 
The daily concentration measurements of each individual n-alkane are listed in Table 3.4. 
Also listed in Table 3.4 are daily measurements of total n-alkanes and CPI as well as the 
minimum, maximum and mean values of all the measurements. The concentrations of the 
individual n-alkane can vary by up to 40 times from one day to another. For example, 
concentration of C30 decreased from 8.0 ng/m3 on 1/21 to 0.2 ng/m3 on 1/25. C31 was 
found the highest n-alkane in every season with 5.8 ng/m3 in winter, 5.9 ng/m3 in spring, 
6.2 ng/m3 in summer and 16.1 ng/m3 in fall.  
 
In the winter sampling period of 1/21 to 2/5 in 2000 and fall sampling period of 10/16 to 
11/2, the n-alkane CPI varies significantly from day to day in a range of 1.2 to 4.8. This 
variation of CPI value suggests that the corresponding sources might change on a daily 
basis and meteorological conditions could be another important factor influencing the 
CPI. The n-alkanes in Philadelphia show a slight odd carbon number predominance with 
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overall average CPI of 1.7, indicating the importance of both fossil fuel combustion and 
biogenic emission as primary sources for the urban particulate n-alkanes. 
 
The seasonal and annual concentrations of individual n-alkane in fine particles in 
Philadelphia were compared with that in other urban locations worldwide to provide an 
insight of relative abundance of n-alkanes in different areas. The comparison is shown in 
Table 3.5. The winter n-alkanes levels in Philadelphia are higher than that in Ontario, 
Canada by 1.4 to 8.3 times in winter samples. In Ontario, Canada, C26 is the most 
abundant n-alkane instead of C31 in Philadelphia. The winter n-alkane measurements in 
Fresno, California show about 3 times higher than in Philadelphia for C25-C28, 8.2 times 
for C29, and 0.4 to 2.3 times for C30-C32. The summer n-alkane concentrations in 
Philadelphia are slightly more than that in Ontario, Canada for C25-C30, but a lot higher 
than that in Ontario for C31 and C32 (6.2 ng/m3 vs. 1.6 ng/m3 for C31, 5.9 ng/m3 vs. 0.5 
ng/m3 for C32). The annual n-alkane levels in Philadelphia are similar to that in 
N.Birmingham, AL, US with regard to C25-C30. For C31 and C32, Philadelphia has much 
higher concentrations than N.Birmingham, i.e. 8.4 ng/m3 vs. 2.1 ng/m3 for C31, 6.2 ng/m3 
vs. 0.4 ng/m3 for C32.  
 
3.1.3 Hopanes 
Background 
As one class of triterpanes, hopanes are distributed ubiquitously among bacteria and 
cyanobacteria (blue-green algae), where they are important cell membrane constituents. 
Fossil hopanes have been widely used in petroleum exploration, and been identified in  
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Table 3.4: n-Alkane Daily Concentrations in Philadelphia, PA, 2000 
Winter 
(ng/m3) 
Total CPI 
(ng/m3)
C25 
(ng/m3)
C26 
(ng/m3)
C27 
(ng/m3)
C28 
(ng/m3)
C29 
(ng/m3) 
C30 
(ng/m3)
C31 
(ng/m3)
C32 
1/21/2000 124.6 1.3 22.8 15.5 14.2 9.8 15.5 8.0 17.2 21.6 
1/22/2000 75.9 1.3 11.5 8.7 12.7 8.3 8.0 4.1 10.7 11.8 
1/23/2000 70.4 1.9 12.8 10.2 10.3 6.6 9.0 7.2 14.1 0.0 
1/24/2000 40.1 1.5 5.2 2.8 3.1 2.5 7.3 2.7 8.4 8.1 
1/25/2000 15.0 4.8 2.2 0.7 2.8 0.5 5.7 0.2 1.8 1.2 
1/26/2000 9.6 1.7 0.9 0.7 1.2 0.6 2.0 0.5 1.9 1.8 
1/27/2000 15.5 2.9 1.8 0.9 2.2 0.8 4.8 0.6 2.8 1.6 
1/28/2000 16.2 1.5 2.7 1.8 1.9 1.3 2.2 1.1 2.9 2.4 
1/29/2000 39.7 1.2 7.6 3.8 2.8 3.2 3.8 2.9 7.4 8.1 
1/30/2000 23.8 1.3 4.8 2.2 2.3 1.8 2.5 1.9 3.8 4.5 
1/31/2000 15.5 1.7 2.4 1.7 1.5 0.9 3.1 0.8 2.7 2.5 
2/1/2000 16.0 1.5 2.2 1.8 1.5 1.0 2.8 1.1 3.2 2.4 
2/2/2000 17.6 1.5 2.8 1.9 1.3 1.1 2.8 1.0 3.7 2.9 
2/3/2000 27.4 1.2 5.9 3.6 1.9 1.6 3.3 2.3 4.0 4.8 
2/4/2000 36.3 1.2 5.3 3.8 2.6 2.5 3.7 2.4 8.1 8.0 
2/5/2000 7.1 1.2 1.0 0.8 0.8 0.7 1.2 0.5 0.9 1.1 
           
Min 7.1 1.2 0.9 0.7 0.8 0.5 1.2 0.2 0.9 0.0 
Max 124.6 4.8 22.8 15.5 14.2 9.8 15.5 8.0 17.2 21.6 
Mean 34.4 1.7 5.7 3.8 3.9 2.7 4.9 2.3 5.8 5.2 
           
Spring 
(ng/m3) 
Total CPI 
(ng/m3)
C25 
(ng/m3)
C26 
(ng/m3)
C27 
(ng/m3)
C28 
(ng/m3)
C29 
(ng/m3) 
C30 
(ng/m3)
C31 
(ng/m3)
C32 
3/28/2000 13.7 1.3 2.2 1.5 1.6 1.0 1.6 1.1 2.3 2.5 
3/29/2000 17.2 1.6 3.5 1.9 1.8 1.6 2.5 1.1 2.7 2.1 
3/30/2000 17.1 1.1 2.9 1.9 1.5 1.3 1.9 1.4 2.8 3.4 
3/31/2000   5.4 2.8 2.6 1.5 6.8   5.6 
4/1/2000           
4/2/2000 22.7 1.5 2.8 1.4 3.3 1.9 3.0 1.5 4.5 4.4 
4/3/2000 18.5 1.5 2.7 1.5 1.8 1.3 2.5 1.3 4.1 3.2 
4/4/2000 14.5 1.4 2.1 1.3 1.4 1.1 2.2 1.1 2.9 2.5 
4/5/2000 40.0 1.6 6.3 3.2 3.7 2.8 5.7 2.5 8.9 7.0 
4/6/2000 47.1 2.6 5.1 2.5 3.8 1.4 9.1 2.4 15.9 6.9 
4/7/2000 47.8 1.8 6.3 3.3 3.3 2.5 6.6 2.7 14.2 8.8 
4/8/2000 36.1 1.8 2.9 2.6 4.6 2.4 6.9 2.2 8.8 5.6 
4/11/2000 16.5 1.1 2.1 1.8 1.7 1.4 2.1 1.1 2.8 3.5 
4/12/2000 14.9 1.6 1.4 1.1 1.7 0.8 2.2 1.1 3.8 2.8 
4/13/2000 35.5 1.1 5.9 3.7 2.5 3.4 3.0 2.8 7.0 7.3 
4/14/2000 17.4 1.4 2.7 1.4 1.3 1.2 2.5 1.5 3.7 3.0 
4/15/2000 28.8 1.1 3.4 2.2 2.9 2.2 2.6 2.3 6.3 7.0 
4/16/2000 23.8 2.3 3.1 2.8 4.1 1.8 3.6 2.5 5.8 0.0 
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Table 3.4 (continued) 
4/17/2000 8.9 1.1 1.6 1.2 1.1 0.7 0.7 0.5 1.2 1.9 
4/18/2000 27.5 1.1 1.7 2.3 2.3 1.8 4.0 2.1 6.5 6.9 
4/19/2000 28.4 1.2 3.3 3.2 3.3 2.7 3.0 2.1 5.7 5.0 
4/20/2000 41.1 0.9 3.2 3.2 4.2 2.7 4.5 2.7 7.9 12.6 
 
 
Summer 
(ng/m3) 
Total CPI 
(ng/m3)
C25 
(ng/m3)
C26 
(ng/m3)
C27 
(ng/m3)
C28 
(ng/m3)
C29 
(ng/m3) 
C30 
(ng/m3)
C31 
(ng/m3)
C32 
7/31/2000 24.4 0.9 2.2 2.5 2.3 2.0 3.0 2.2 4.1 6.2 
8/1/2000 30.5 1.1 2.8 1.9 2.1 2.6 3.4 2.3 7.4 7.9 
8/2/2000 31.5 0.9 2.5 3.2 2.2 2.4 3.9 2.3 6.5 8.4 
8/3/2000 38.1 0.9 2.7 3.3 3.2 3.3 3.9 2.6 8.4 10.7 
8/4/2000           
8/5/2000 31.2 1.4 3.0 2.5 3.6 2.3 4.7 2.3 7.1 5.8 
8/6/2000 12.8 1.4 1.9 1.3 1.0 2.0 2.2 1.1 2.4 0.9 
8/7/2000 24.1 1.4 2.0 1.6 2.6 1.8 3.9 2.0 5.6 4.6 
8/8/2000 15.6 2.6 1.7 1.0 1.8 0.7 2.9 0.9 5.0 1.7 
8/9/2000 17.7 2.5 1.8 0.9 2.2 1.0 3.7 0.9 5.0 2.2 
8/10/2000 27.3 1.3 2.1 2.1 2.1 1.5 3.7 1.3 7.7 6.8 
8/11/2000 24.9 1.2 1.1 1.6 1.5 1.3 4.2 1.5 7.0 6.7 
8/12/2000 19.3 1.6 2.1 0.9 1.8 1.0 3.4 1.4 4.7 4.0 
           
Min 12.8 0.9 1.1 0.9 1.0 0.7 0.7 0.5 1.2 0.0 
Max 38.1 2.6 6.3 3.7 4.6 3.4 9.1 2.8 15.9 12.6 
Mean 24.8 1.4 2.5 2.2 2.4 1.9 3.6 1.8 6.1 5.9 
 
 
Fall 
(ng/m3) 
Total CPI 
(ng/m3)
C25 
(ng/m3)
C26 
(ng/m3)
C27 
(ng/m3)
C28 
(ng/m3)
C29 
(ng/m3) 
C30 
(ng/m3) 
C31 
(ng/m3)
C32 
10/16/2000 38.0 1.8 2.5 1.6 3.2 1.9 7.7 1.8 11.1 8.2 
10/17/2000 44.0 1.5 3.7 2.9 4.5 3.3 6.4 2.8 11.7 8.8 
10/18/2000 27.3 1.2 2.2 1.6 2.1 1.5 4.0 1.9 6.8 7.2 
10/19/2000 39.0 2.0 4.4 3.1 3.8 2.2 9.3 3.0 8.6 4.7 
10/20/2000 61.9 1.6 2.6 1.9 3.1 4.2 10.4 4.1 21.8 13.9 
10/21/2000 80.9 1.9 4.5 2.6 5.1 2.6 14.5 4.2 28.6 18.8 
10/22/2000 57.8 2.5 3.3 2.0 4.0 1.9 13.9 2.5 20.2 10.0 
10/23/2000 41.7 1.6 2.6 1.7 2.7 2.9 8.6 2.1 11.9 9.1 
10/24/2000 60.1 1.9 4.1 3.2 4.4 3.3 10.4 3.2 20.4 11.1 
10/25/2000 78.0 1.6 5.2 7.4 5.7 4.3 12.5 4.8 24.2 13.9 
10/26/2000 77.9 1.3 7.0 4.5 5.0 5.6 11.1 8.0 21.0 15.6 
10/27/2000 111.1 2.1 7.4 4.5 5.8 5.6 19.5 8.1 43.0 17.1 
10/28/2000 55.7 4.8 2.8 1.1 4.0 1.5 18.0 1.7 21.3 5.3 
10/29/2000 28.9 3.6 1.7 0.9 1.9 0.7 8.3 1.3 10.7 3.5 
10/30/2000 30.4 3.0 1.8 1.1 2.2 1.2 7.8 1.5 10.9 3.9 
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Table 3.4 (continued) 
10/31/2000 24.8 2.5 1.8 1.1 2.0 0.9 5.3 1.4 8.6 3.8 
11/1/2000 13.7 2.1 1.5 0.9 1.1 0.5 2.7 0.6 3.9 2.5 
11/2/2000 20.2 1.9 1.9 1.4 2.4 1.1 3.7 0.9 5.2 3.6 
           
Min 13.7 1.2 1.5 0.9 1.1 0.5 2.7 0.6 3.9 2.5 
Max 111.1 4.8 7.4 7.4 5.8 5.6 19.5 8.1 43.0 18.8 
Mean 49.5 2.2 3.4 2.4 3.5 2.5 9.7 3.0 16.1 8.9 
                      
 
 
crude oil and source rocks (Philp, 1985). The natural input of hopanoids from various 
biological sources usually have 17β(H),21β(H)-hopane structure and only an R 
configuration at the 22 position. With the increasing maturity of the sample, the 
17α(H),21β(H)- structure becomes dominant and hopanoids can have equivalent ratio of 
22R and 22S configuration (Oros, et al., 2000; Standley and Simoneit, 1987; Simoneit,  
1984). As a result, the abundance of 17β(H),21β(H)-hopanes, 17α(H),21β(H)-hopanes, 
and presence of 22S configuration reflect the geological maturity of the sample.  
 
Hopanes are also unique source markers for fossil fuel combustion due to their unique 
chromatographic distribution and they can be easily identified by GC/MS with m/z 191 
as the base ion (Simoneit, 1984; Fraser et al., 1999; Oros et al., 2000). It has been 
confirmed that hopanes found in automobile exhausts are not from gasoline and diesel 
fuel, but from lubricating oil based on the similarity of the hopanes distributions 
(Simoneit, 1984). 
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Hopanes in Philadelphia 
Nine hopane homologues were identified in the fine particle samples of Philadelphia, 
including the 17α(H) series with C27 to C30 and the extended 17α(H) series with C31, C32. 
Figure 3.5 shows the typical chromatographic pattern of the hopanoid series identified in 
the fine particle samples. Summarized concentration ranges of individual hopane 
homologues identified in the samples are listed in Table 3.6 in term of each season. The 
hopane homologue levels are up to 5.1 ng/m3 in Philadelphia, which is generally higher 
than that in Southestern US, which is up to 2.8 ng/m3, (Zheng et al., 2002). The 
predominant hopane analogs are always 17α(H),21β(H)-29-norhopane or 17α(H),21β(H)-
hopane for all seasons, with average concentration of 1.1 or 0.9 ng/m3 during winter, 1.2 
ng/m3 during spring, and 1.3 or 1.5 ng/m3 during summer, 1.8 ng/m3 during fall. Either 
18α(H)-29-norneohopane or 22R,17α(H),21β(H)-30-bishomohopane are the least 
abundant in the urban aerosol of Philadelphia, with as low as 0.13 ng/m3 average 
concentration in winter period (Figure 3.6). 
 
The seasonal distribution profiles of hopanes are essentially similar, with no difference in 
their distribution pattern throughout the year (Figure 3.6). 17α(H),21β(H)-29-norhopane 
and 17α(H),21β(H)-hopane are the most abundant hopane homologues. The consistency 
of the hopane distribution profile should be attributed to the specific distribution 
character developed during the maturity of the fossil fuel since hopane homologues are 
also very stable and have similar environmental fates.  
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Table 3.5: Comparison of Ambient Concentrations of n-Alkanes in Fine Particles 
    Philadelphiaa   
 
Fresno, 
CAb   
            
 
Ontario, Canadac  N.Birmingham, ALd
ng/m3   2000   1996  1999 1998  1995-1996 
n-Alkanes Winter Summer Annual  Winter  Winter Summer  Annual 
C25  5.7 2.5 3.7  17.3  2.3 2.0  2.1 
C26  3.8 2.2 2.6  12.6  2.7 2.5  2.0 
C27  3.9 2.4 3.1  15.2  2.0 2.2  1.9 
C28  2.7 1.9 2.2  8.27  1.4 1.3  1.2 
C29  4.9 3.6 5.4  40.4  1.2 1.8  2.7 
C30  2.3 1.8 2.2  5.31  0.5 0.8  1.1 
C31  5.8 6.1 8.4  10.8  0.7 1.2  2.1 
C32  5.2 5.9 6.2  1.98   1.0 0.5  0.4 
a: this study. 
b: Schauer et al., 2000. Measurements are from Jan 4-6, 1996. 
c: Blanchard et al., 2002.  
d: Zheng et al., 2002. 
 
 
3.1.4 n-Alkanoic acids 
n-Alkanoic acids have been identified in ambient atmosphere (Pio et al., 2001a; 2001b; 
Brown et al., 2002; Blanchard et al., 2002; Abas et al., 1996), and various sources like 
cooking-related emissions (Schauer et al., 1999b; Rogge et al., 1991), fuel combustions 
(Schauer et al., 1999a; 2002; Rogge et al., 1993b) and biogenic processes (Simoneit, 
1989; Fang et al., 1999; Sheesley et al., 2003). 
 
Comprising 64% of the total yield of organic species identified in this study, n-alkanoic 
acids are the most abundant organic molecular source markers in the urban aerosol of 
Philadelphia. Normal alkanoic acids ranging from C10 to C30 were found in the particulate 
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Figure 3.5: Ion Chromatograph of Hopanes (m/z=191)  
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samples. The highest seasonal average level of total alkanoic acids was 185 ng/m3 during 
summer, along with slightly lower level of 114 ng/m3 during spring, 124 ng/m3 during 
fall, and lowest level of 76.8 ng/m3 during winter (Table 3.1). This contrasts the results 
from Southern California (Rogge et al., 1993), where the highest alkanoic acids level was 
found in winter and lowest level in summer. 
 
The most abundant n-alkanoic acid in all samples was found for C16 acid through the 
sampling year (35.6 –89.1 ng/m3 depending on season) with a few exceptions for C18 acid 
in summer (Figure 3.7). These measurements are lower generally than that in Ontario, 
Canada, with 60 –150 ng/m3 for the C16 acid and C18 acid (Blanchard et al., 2002). The n- 
alkanoic acids identified in the fine particle samples have strong even carbon number 
predominance, with high CPI varying from 4.7 to 50.9. CPIalkanoic is the ratio of sum of 
even-to-odd n-alkanoic acids homologues.  
 
It has been suggested that biogenic n-alkanoic acids can be broken down at C20 based on 
two distinct emission sources. While n-alknaoic acids <C20 are derived partially from 
microorganisms, alkanoic acids >C20 are from vascular plant wax (Simoneit and 
Mazurek, 1982). n-Alkanoic acids < C20 in the fine particle samples show maximum in 
summer (185.0 ng/m3) and minimum in winter (65.8 ng/m3), with intermediate value in 
spring (108.3 ng/m3) and fall (109.9 ng/m3), as shown in Table 3.7. Higher n-alkanoic 
acids (> C20) show different seasonal trend, displaying a peak value in fall (14.4 ng/m3) 
and a lowest value in spring (5.3 ng/m3).  
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Table 3.6: Hopanes in Particulate Matter Samples in Philadelphia, PA, 2000, min-max(av±stdev) 
 
 
Hopanes 
Winter 
1/21-2/5 
(ng/m3) 
Spring 
3/28-4/20 
(ng/m3) 
Summer 
7/31-8/12 
(ng/m3) 
Fall 
10/16-11/2 
(ng/m3) 
18α(H)22,29,30-Trisnorneohopane 0.02-0.9 0.20-1.2 0.18-0.89 0.22-1.5 
 (0.39±0.32) (0.5±0.28) (0.43±0.22) (0.72±0.39) 
17α(H)-22,29,30-Trisnorhopane 0.03-0.81 0.13-0.84 0.17-0.69 0.21-1.1 
 (0.32±0.25) (0.39±0.21) (0.40±0.19) (0.60±0.32) 
17α(H),21β(H)-29-Norhopane 0.09-2.8 0.37-2.5 0.67-2.5 0.49-5.1 
 (1.1±0.87) (1.2±0.63) (1.27±0.56) (1.8±1.2) 
18α(H)-29-Norneohopane 0.02-1.7 0.09-0.54 0.13-0.35 0.084-1.0 
 (0.26±0.40) (0.24±0.13) (0.22±0.075) (0.36±0.28) 
17α(H),21β(H)-Hopane 0.09-2.4 0.22-2.8 0.95-2.6 0.56-4.9 
 (0.9±0.8) (1.2±0.65) (1.5±0.60) (1.8±1.1) 
22S,17α(H),21β(H)-30-Homohopane 0.03-1.7 0.11-1.1 0.28-0.86 0.14-2.5 
 (0.44±0.44) (0.48±0.29) (0.57±0.19) (0.83±0.64) 
22R,17α(H),21β(H)-30-Homohopane 0.01-0.63 0.065-0.75 0.19-0.59 0.14-1.6 
 (0.28±0.23) (0.34±0.19) (0.32±0.13) (0.51±0.36) 
22S,17α(H),21β(H)-30-Bishomohopane 0-0.53 0.058-0.58 0.17-0.50 0.11-1.1 
 (0.22±0.19) (0.24±0.14) (0.27±0.084) (0.39±0.25) 
22R,17α(H),21β(H)-30-Bishomohopane 0-0.40 0.18-0.37 0.09-0.59 0.069-0.80 
  (0.13±0.13) (0.17±0.11) (0.25±0.14) (0.32±0.20) 
Individual hopane 0-2.8 0.058-2.8 0.09-2.6 0.069-5.1 
Mean concentration of the total hopanes 4.0 4.7 5.4 7.4 
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Figure 3.6: Seasonal Hopane Distributions 
1: 18α(H)22,29,30-Trisnorneohopane, 2: 17α(H)-22,29,30-
Trisnorhopane, 3: 17α(H),21β(H)-29-Norhopane, 4: 18α(H)-29-
Norneohopane, 5: 17α(H),21β(H)-Hopane, 6: 
22S,17α(H),21β(H)-30-Homohopane, 7: 22R,17α(H),21β(H)-30-
Homohopane, 8: 22S,17α(H),21β(H)-30-Bishomohopane, 9: 
22R,17α(H),21β(H)-30-Bishomohopane. 
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Figure 3.7: Average Seasonal Concentration Profile of n-Alkanoic Acids 
 
 
 
Table 3.7: Seasonal Abundance of n-Alkanoic Acids for PM10 in Philadelphia, PA 
  Winter Spring Summer Fall 
  ng/m3 % ng/m3 % ng/m3 % ng/m3 % 
 
 
sum of <C20 65.8 85.7 108.3 95.3 185.0 93.6 109.9 88.4 
sum of >C20 11.0 14.3 5.3 4.7 12.7 6.4 14.4 11.6 
CPIalkane 1.7 1.5 1.5 2.2 
 
 
 
Also listed in Table 3.7 are the CPI values based on n-alkanes. The seasonal variation of 
higher n-alknoic acids > C20 is consistent with CPIalkanes, and has the highest value in fall. 
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The consistency is confirmed further by the relative good correlation between daily 
concentration levels for the higher n-alkanoic acids (C>20) and CPIalkanes in spring with 
R2=0.4152 (Figure 3.8). No such good correlations are observed for the other three 
seasons with R2<0.04.  
 
The n-alkanoic acids reach their peak concentrations in summer with the predominance 
of fatty acids (C16 and C18). The seasonal distribution patterns of higher n-alkanoic acids 
> C20 differ from one season to another (Figure 3.9). They show the maximum 
concentration values at C24 during winter, C24 and C20 during spring, C20 during summer, 
and C24 during fall.  
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Figure 3.8: Correlation between Daily Concentration Level of  
                 Higher n-Alkanoic Acids and CPIalkanes in Spring 
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Figure 3.9: Seasonal Distribution of n-Alkanoic acid > C20 
 
 
3.1.5 Dicarboxylic acids 
Ten dicarboxylic acids were identified in samples, including malonic acid (C3), succinic 
acid (C4), methyl succinic acid (mC4), glutaric acid (C5), malic acid (hC5), adipic acid 
(C6), suberic acid (C7), phthalic acid (ph), isophthalic acid (iph), and azelaic acid (C9). 
The most abundant diacids in ambient fine particles of Philadelphia on an annual basis 
are azelaic and succinic acid, which by average constitute 29.2% and 23.2% of the 
dicarboxylic acids identified, respectively. This finding is contrary to the distribution 
profile of diacids in Southern California (Rogge et al., 1993a). In their year-long study in 
1982, succinic acid was found the most abundant, followed by malonic, glutaric and 
azelaic acid in Southern California.  
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The most abundant single dicarboxylic acid during non-summer seasons was succinic 
acid, with average concentrations of 4.9 ng/m3 in winter, 3.9 ng/m3 spring and 7.7 ng/m3 
fall. The second most abundant was azelaic acid in the aerosol samples in Philadelphia in 
2000 (Table 3.1). Glutaric and adipic acid were present at a relatively low abundance 
with concentrations of 0.80 ng/m3 in spring to 1.84 ng/m3 in summer and 0.66 ng/m3 in 
spring to 1.72 ng/m3 in fall, respectively.  
 
Smog chamber experiments suggest that succinic acid, glutaric acid and adipic acid are 
produced by oxidation of cyclic alkenes (Grosjean et al., 1978; Grosjean and Friedlander, 
1980). Cyclic alkenes are a minor component identified in gasoline, motor exhaust and 
ambient air (Grosjean et al., 1978). Hatakeyama et al. (1985; 1987) and Grosjean and 
Friedlander (1980) proposed the following scheme as the ozone-cyclohexene reaction 
sequence to form glutaric and adipic acid based on smog chamber experiments.  
 
Figure 3.10 shows the production of glutaric and adipic acids pathway of the reaction 
with ozone. The reaction is initiated by Criegee split of primary ozonide. C5&C6 
difunctional acid are formed by the sequential oxidation process of (1) or (2) and (3), 
where glutaraldehyde (I) is from radical (H) which is produced by radical-radical reaction 
of (G). The analysis of aerosol yield from reaction of cyclohexene-ozone at 1 atm of air 
strongly supports that glutaric and adipic acid are the primary C5 and C6 product, 
respectively (Hatakeyama et al., 1985). 
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The chemical mechanisms of photochemical formation of products, such as malic, 
malonic, succinic, and azelaic acid are closely related to each other (Figure 3.11). 
Secondary succinic acid can be produced from the cyclohexene-ozone reaction 
(Hatakeyama et al. 1985; 1987) and ozone oxidation of unsaturated fatty acids, followed 
by breaking down and further oxidation (Kawamura et al. 1996a; 1996b). Hydroxylation 
of succinic acid may lead to formation of malic acid, which is likely an intermediate 
product in the formation of malonic acid. Secondary azelaic acid is a possible oxidation 
product of an unsaturated fatty acid (octadecenoic acid C18:1) whose double bound is 
predominantly at C9 position.  
 
Phthalic acid was measured in aerosol samples in Philadelphia at relative stable level 
during four seasons, 1.7 ng/m3 in winter, 0.6 ng/m3 in spring, 2.7 ng/m3 in summer and 
1.6 ng/m3 in fall (Table 3.1). It has been identified in gasoline and diesel engine exhaust 
as one of the predominant diacids (Kawamura et al., 1987; Fraser et al., 1998). The 
emission rate of phthalic acid was reported as 566.9 µg/L of gasoline-equvalent fuel 
burned in a Los Angles roadway tunnel, significantly higher than emission rates of other 
diacids, 97.3 µg/L for succinic acid, 33.6 µg/L for glutaric acid (Fraser et al., 1998). 
Phthalic acid is ubiquitous and is derived from plasticizers and from aging of any plastic 
Materials. It can be formed by secondary oxidation of PAH in the atmosphere (Rogge et 
al., 1993a).  
 
Another study carried out in our laboratory, the Northeast Ozone and Particulate Study 
(NEOPS), showed a different distribution profile of diacids. The NEOPS samples were 
 
94 
 
collected for 20 hours daily from 7/3-8/20/1999 in State Road, Northeast Philadelphia 
using the same type of PM10 sampler as the present study. The summer diacids 
distribution profile of this study and NEOPS are shown in Figure 3.12 for comparison. 
The concentrations of most diacids from these two studies are comparable, with high 
abundance of succinic, malonic and malic acid (9.2-16.2 ng/m3) and low abundance of 
phthalic, glutaric and adipic acid (1.7-3.5 ng/m3).  
 
The only major difference between the two sets of ambient data is the predominance of 
azelaic acid (C9 diacid) in the fine particle samples. In the fine particles collected in this 
study, azelaic acid is the most abundant diacid identified in summer samples with a 
concentration level of 25.5 ng/m3. Shown in Figure 3.12 however, azelaic acid is the least 
abundant diacid in particles collected in NEOPS study. The completely different ambient 
concentrations for azelaic acid in the two studies could be due to the significant 
difference of sources of azelaic acid in the sampling sites. The samples of the 
Philadelphia 2000 were collected in an inner city location with numerous residential 
houses and fast food restaurants in the vicinity. In contrast, the NEOPS site is located on 
the bank of Delaware River, a considerable distance from major roads and businesses. 
Thus the high azelaic acid concentrations for the Philadelphia 2000 inner city site could 
be due to much higher emissions of food cooking activities. 
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Figure 3.10: Photooxidation Scheme of Cyclohexene (Hatakeyama et al., 1985; 1987) 
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Figure 3.11: Possible Chemical Mechanisms of Formation of Secondary Diacids  
                            (C3-C4), (Kawamura et al., 1996a; 1996b) 
 
 
 
Turpin et al. (1991) showed that the diurnal trends of concentration of total organic 
compounds and ozone are very similar in a secondary organic aerosol study. To further 
investigate whether secondary photochemical formation is the predominant source for 
particulate dicarboxylic acids during summer, each single diacid were tested for the 
possible correlation with ozone concentration. The correlation tests are necessary because 
the degree of secondary aerosol yield of diacids was found not equivalent, depending 
largely upon the chain-length and structure of the diacids (Kawamura et al., 1993). Figure 
3.13 shows individual diacid concentrations as a function of daily mean ozone level 
during the sampling period from 7/31/00 to 8/12/00. The majority of the diacids show 
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fairly good correlations with ozone level (correlation coefficient, R2>0.3), except for 
azelaic and suberic acid (R2<0.02). Phthalic acid shows the best correlation with ozone 
concentration (R2=0.64), followed by methylsuccinic (R2=0.59), glutaric (R2=0.54), and 
adipic acid (R2=0.49).  
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Figure 3.12: Comparison of Summer Diacids Profile with NEOP Project, Philadelphia 
                             NEOPS data are from Ray, MS thesis, 2003 
 
 
The correlation coefficients and corresponding slopes of linear relationships between 
individual diacids and ozone levels during the 4 seasons for the Philadelphia 2000 study 
are listed in Table 3.8. The results are consistent with smog chamber studies where C4-C6 
diacids are formed by photooxidation of corresponding precursors cycloalkenes 
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(Hatakeyama et al., 1985; Hatakeyama et al., 1987), and phthalic acid is derived from 
ozone-PAH reactions (Moriconi et al., 1961; 1963).  
 
Surprisingly, azelaic acid correlates poorly with ozone concentration (R2=0.016), which 
contradicts the suggestion from other studies that azelaic acid might largely be produced 
by atmospheric oxidation of unsaturated fatty acids, e.g. oleic acid, (Kawamura et al., 
1987; 1993; 1996; Wang et al., 2002). A poor correlation of azelaic acid with ozone level 
was also seen in urban aerosol samples collected in Tokyo in 1988-1989, with R2=0.03 
(Kawamura et al., 1993). One possible explanation is that azelaic acid precursors are 
uniquely local, e.g. food cooking, while precursors for the other dicarboxylic acids are 
more ubiquitous. As a consequence, ozone produced more locally may be associated with 
high azelaic acid concentrations, while more regional events may not. Azelaic acid is also 
known contributed from many natural sources, such as microbial degradation, pollen, and 
other biogenic processes, which might make it hardly correlates with ozone level in 
summer.  
 
Although those correlation coefficients are generally smaller than that found in Tokyo 
atmosphere, 0.32-0.76, (Kawamura et al., 1993), summer-time maxima of the diacids 
suggest that secondary photochemical production play a significant role for the high 
abundance of particulate diacids in summer in Philadelphia. The relative importance of 
secondary production to primary emission for particulate diacids in the atmosphere of 
Philadelphia still needs further investigation with the assistance of source profiles and 
source apportionment models.  
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Ozone Concentration (ppm) in Philadelphia, August 2000 
Figure 3.13: Correlations between Diacids (ng/m3) and Ozone in Philadelphia, PA 
                           in Summer 2000 
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 Table 3.8: Correlation Coefficients (R2) and Slopes from Figure 3.13  
                                   (Summer, 2000) and Other Seasons 
 
 Summer Winter Spring Fall 
 7/31-8/2/00 1/21-2/5/00 3/28-4/20/00 10/16-11/2/00 
 R2 Slope(X103) R2 R2 R2 
malonic acid 0.470 1.096 0.244 0.001 0.042 
succinic acid 0.451 0.585 0.154 0.119 0.307 
methylsuccinic acid 0.589 0.0255 0.182 0.081 0.322 
glutaric acid 0.543 0.0468 0.055 0.024 0.310 
malic acid 0.342 1.223 0.105 0.003 0.004 
adipic acid 0.490 0.0575 0.002 0.200 0.321 
suberic acid 0.016 0.0294 0.005 0.004 0.307 
azelaic acid 0.016 0.313 0.013 0.003 0.174 
phthalic acid 0.636 0.172 0.230 0.003 0.328 
 
 
 
3.2  Interesting Seasonal Trends 
In this thesis work I found a variety of interesting seasonal trends of some important 
source markers, such as PAH, hopanes, some n-alkanes and dicarboxylic acids. The 
findings should help to understand how concentrations of the molecular markers vary 
from season to season.  
 
The concentration distribution profiles of the five organic classes in all seasons are 
displayed in Figure 3.14. n-Alkanoic acids are the predominant class during all four 
seasons with maxima in summer, followed by n-alkanes with an exception during 
summer when dicarboxylic acids are the second most abundant species. The least 
abundant organic compounds in the aerosol samples are PAH and hopanes, whose 
concentrations are sometimes just above the detection limits, 10pg/m3.  
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3.2.1 PAH 
Maximum concentration loadings of all PAH compounds were observed in winter 
samples with an average level of 4.05 ng/m3 and minimum total PAH concentrations in 
summer samples with 2.07 ng/m3. This seasonal variability is consistent with the finding 
of Baek et al. (1991) where PAH levels were 2 to 4 times higher during winter compared 
to summer concentrations in central London in 1985-1986. Similar seasonal trends of 
PAH also were found in fine particulate samples collected in Gran Canaria, Spain in 1995 
(Cancio et al., 2002) and in air of northwest England during 1990-1991 (Gardner et al., 
1995).  
 
3.2.2 n-Alkanes 
The seasonal variation of n-alkanes levels in the atmosphere of Philadelphia 2000 is 
shown in Figure 3.14, with the highest seasonal average concentration in fall, 49.5 ng/m3 
and the lowest in spring, 25.9 ng/m3. The n-alkanes exhibit a different seasonal trend with 
that in the Los Angeles area during 1982, although the n-alkanes levels with a large 
temporal difference should be compared with caution. Rogge et al. (1993a) reported a 
winter maximum (146 ng/m3) and summer minimum (20-40 ng/m3) of fine particulate n-
alkanes in downtown Los Angeles throughout 1982. It is noted that the winter n-alkane 
concentration in Philadelphia (34.4 ng/m3) is significantly less than downtown Los 
Angeles (146 ng/m3). One possible reason for the low n-alkane level in Philadelphia 
could be substantial reductions as a result of improved emission controls. As for Southern 
California in 1982, the high winter and low summer concentration of n-alkanes were 
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Figure 3.14: Seasonal Distribution of Molecular Markers in Fine  
                                        Particles from Philadelphia, PA, 2000 
 
 
probably due to diverse meteorological conditions during winter and summer seasons, 
e.g. atmospheric dilution potential, mixing height, etc., (Rogge et al., 1993a). 
 
The distribution profiles of n-alkanes in Philadelphia are complex because both biogenic 
and meteorological influences vary from season to season. Significant biogenic emission 
sources contribute to atmospheric n-alkanes during spring, summer and fall since C29 and 
C31 are the most abundant single n-alkanes in Philadelphia during these seasons (Figure 
3.15). They have been suggested as the promising molecular tracers for biogenic-derived 
n-alkane emissions (Didyk et al., 2000; Simoneit et al., 1989; Rogge et al., 1993d). 
Relative abundance of C29 and C31 were found for spring, summer, and especially fall 
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when n-alkanes exhibited the highest CPI of 2.2. In spring and summer, the values of CPI 
were 1.5.  
 
The strong odd alkane predominance and high CPI in fall probably results from enhanced 
plant wax emissions due to sloughing of waxy coating on leaf surfaces. The high n-
alkane CPI indicates leaf waxes as the dominant source of biogenic inputs for particulate 
n-alkanes in the atmosphere (Rogge et al., 1993d; Didyk et al., 2000). The fall samples 
were collected from 10/16/2000 to 11/2/2000, when epicuticular plant leaves started to 
become brittle and become airborn as the leaf indergies senescence (i.e dies). A source 
profile study of Rogge et al. (1993d) found that dead leaves emitted about same amount 
of particulate n-alkanes as green leaves to the atmosphere. The exceptionally high 
concentration of C29 and C31 in the fall samples might be a result of plant wax emissions 
with a strong odd carbon number preferences and strong C29 and C31 homologue maxima. 
 
n-Alkanes followed a somewhat different pattern in winter with the other three seasons 
according to the seasonal distribution profiles shown in Figure 3.15. Apparently, n-
pentacosane (C25) and n-hexacosane (C26) homologues are more abundant in winter than 
the other seasons as seen in Figure 3.15. The other n-alkane series also have higher 
concentrations in winter than spring and summer, but not as significant as C25 and C26. 
This particular enhancement of C25 and C26 in winter over the other seasons suggests that 
fossil fuel combustion emission might be more significant in winter since the two n-
alkane homologues are dominant n-alkanes from vehicular exhausts (Rogge et al., 1993a; 
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Figure 3.15: n-Alkane Concentration Distribution Profiles during Four Seasons 
for Philadelphia 2000 
 
 
Schauer et al., 1999). One contributor for the additional fuel combustion emission during 
winter is likely to be the home heating combustion from oil-burning furnaces.  
 
The biogenic-induced n-alkane C29 and C31 are present at an extremely high 
concentration level in the atmosphere of Philadelphia in the fall, with approximately 3 to 
5 times higher than the other individual n-alkane (Table 3.1, Figure 3.15). Except for C29 
and C31, every single n-alkane has higher concentrations in winter than in the other 
seasons. This concentration trend most likely is not because the higher emission rate in 
winter, but more likely lower mixing height and less air dilution in winter.    
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3.2.3 Hopanes 
The highest concentration of total hopanes was measured in the fall, 7.4 ng/m3, about 
twice of the lowest level 4.0 ng/m3 in the winter. In contrast, the seasonal average 
concentrations are fairly constant throughout winter, spring and summer, with similar 
levels of 4.0 ng/m3, 4.7 ng/m3, 5.4 ng/m3, respectively, and varying by less than 20% 
from one season to the next (Table 3.1, 3.6).  
 
The seasonal trend of the concentration of total hopanes from this study is winter 
minimum and fall maximum. The seasonal characteristic of vehicle fleet emissions of 
hopanes and meteorological conditions should be considered as causes for the seasonal 
trend of hopanes. Mobile emissions can be greater in one season because more vehicle 
travel miles, and/or engines operating less efficiently at lower temperature, and/or 
particle formation from engines exhaust more efficient in winter than in other seasons. 
The combination of all these seasonal influences of the mobile emissions might result in 
the seasonal trend of the hopane concentrations. 
 
Meteorological conditions could be one of the candidates causing the high hopane 
concentrations in fall in Philadelphia. Some meteorological measurements, such as 
precipitation events, maximum wind speed and direction are listed on daily basis during 
four seasons in Table 3.9. Little precipitation occurred in fall, with only two events 
during 2 weeks sampling, but there were several very windy days, e.g. 10/28 to 
10/31/2000 with maximum speeds of 21-26 miles/hour, compared to 6-8 miles/hour 
during 10/26 to 10/27/2000. The strong wind event might cause the rapid drop of hopane 
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Table 3.9: Seasonal Hopanes Concentrations and Meteorology Condition 
    Hopanes Precipitation Temperature Wind Speed Wind Direction
    ng/m3   °F mile/hour   
Winter       
1/21/2000  7.56  19  -  - 
1/22/2000  6.40  15  -  - 
1/23/2000  9.50  24  -  - 
1/24/2000  7.53  34  -  - 
1/25/2000  0.45 snow 30  -  - 
1/26/2000  0.76 snow 26  -  - 
1/27/2000  1.20  17  -  - 
1/28/2000  1.32  18  -  - 
1/29/2000  7.28  24  -  - 
1/30/2000  4.13 snow 25  -  - 
1/31/2000  1.56  31  -  - 
2/1/2000  1.50  30  -  - 
2/2/2000  2.44  27  -  - 
2/3/2000  5.56  28  -  - 
2/4/2000  6.82  31  -  - 
2/5/2000  0.34  30  -  - 
       
Min  0.34     
Max  9.50     
Mean  4.02     
       
Spring       
3/28/2000  1.47 rain 54  -  - 
3/29/2000  1.97  49  -  - 
3/30/2000  2.40  49  -  - 
3/31/2000  5.66  48  -  - 
4/1/2000   -  - 51  -  - 
4/2/2000  3.62  57 13 210 
4/3/2000  2.97 rain 65 7 200 
4/4/2000  2.38 rain 56 12 230 
4/5/2000  6.13  45 16 280 
4/6/2000  6.00  56 10 230 
4/7/2000  8.19  60 1 150 
4/8/2000  3.52 rain 60 8 200 
4/11/2000  2.65  51 9 70 
4/12/2000  2.45  46 10 330 
4/13/2000  7.22  44 16 220 
4/14/2000  5.69  48 3 180 
4/15/2000  10.33 rain 55 2 60 
4/16/2000  5.07 rain 68 5 250 
4/17/2000  1.45 rain 53 17 90 
4/18/2000  6.75  45 17 60 
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Table 3.9 (continued) 
4/19/2000  5.17  54 12 40 
4/20/2000  7.94  56 14 150 
       
Min  1.45     
Max  10.3     
Mean  4.72     
       
Summer       
7/31/2000  3.75  80 16 180 
8/1/2000  6.63  80 12 200 
8/2/2000  4.36 rain 81 23 240 
8/3/2000  7.34  78 13 150 
8/4/2000  -  77 10 360 
8/5/2000  4.13  73 14 10 
8/6/2000  3.71  70 16 210 
8/7/2000  3.63 rain 84 17 240 
8/8/2000  3.26  82 15 300 
8/9/2000  3.75  82 14 280 
8/10/2000  7.30  80 16 240 
8/11/2000  8.74 rain 78 21 340 
8/12/2000  5.78 rain 72 17 70 
       
Min  3.26     
Max  8.74     
Mean  5.20     
       
Fall       
10/16/2000  5.44  64 14 90 
10/17/2000  7.55 rain 59 14 90 
10/18/2000  5.20 rain 60 15 330 
10/19/2000  10.2  58 22 330 
10/20/2000  10.0  56 10 260 
10/21/2000  10.5  61 12 240 
10/22/2000  7.61  56 14 40 
10/23/2000  6.26  55 9 40 
10/24/2000  8.46  56 13 230 
10/25/2000  10.1  62 9 40 
10/26/2000  14.6 fog 58 6 130 
10/27/2000  18.9  62 8 80 
10/28/2000  3.43  54 26 330 
10/29/2000  2.12  46 26 360 
10/30/2000  2.99  45 25 340 
10/31/2000  2.46  51 21 330 
11/1/2000  2.75  52 17 330 
11/2/2000  4.21  55 13 340 
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Table 3.9 (continued) 
Min  2.12     
Max  18.9     
Mean   7.49         
 
 
 
concentration from 18.9 ng/m3 on 10/27 to 3.43 ng/m3 on 10/28. The highest hopane 
concentration in fall is found on 10/27, when a fog developed during the previous night.  
 
The discussion here is to provide some considerations for the unique seasonal trend of 
hopanes concentrations in fine particles in Philadelphia. So far no definite conclusion can 
be made based on the results in this study due to the limited number of samples and 
meteorological measurements. Further investigations of the influences of meteorological 
conditions and vehicle fleet emission characteristics on the seasonal and daily trends of 
the hopanes are needed.  
 
3.2.4 Connections between the Non-polar Molecular Markers 
Hopanes, PAH and n-alkanes are basically from the same type of anthropogenic sources 
if biogenic sources for n-alkanes are neglected. As a consequence, they ought to vary 
simultaneously from day-to-day and season-to-season. The measurements from this 
study, however, show that each of these non-polar organic classes has their unique 
seasonal and daily patterns. The discussion in this section is to address the differences in 
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seasonal and daily variation of the three classes of compounds and further understand 
their seasonal trends, and whether they correlate with each other. 
 
The seasonal trends of PAHs and hopanes are compared first (Figure 3.16). They show 
two distinct patterns. The highest average concentration level of PAHs (4.05 ng/m3) was 
found in winter, and the lowest level in summer (2.07 ng/m3). In contrast, the 
concentration of hopanes increased with each season following the pattern of 
winter<spring<summer<fall, from 4.02 ng/m3 in winter to a peak value of 7.38 ng/m3 in 
fall (see Table 3.1, Figure 3.14 and Figure 3.16). The ratio of hopanes to PAH 
concentration doubles between winter and summer. The differences in seasonal trends of 
hopanes and PAHs may indicate that the sources contributing hopanes and PAH are 
different and/or PAH react with atmospheric oxidants during some seasons. The latter 
possibility is reasonable because PAH levels decrease to minima in summer when 
photooxidation is the most active, and PAH level in spring and fall are similarly lower 
than in winter. 
 
Unlike the distinct seasonal trends, the daily variations for PAH, hopanes and n-alkanes 
within each season are essentially similar (Figure 3.17). Daily concentrations correlate 
very well with a correlation coefficient R2 equal to 0.90 in winter, but lower coefficients 
in other seasons, 0.25 for spring, 0.56 for summer, and 0.52 for fall (Figure 3.18). PAH 
are known to react with O3, NO2, and other oxidants in the atmosphere, yielding 
derivatives, like polycyclic aromatic quinones or other oxygenated PAH (Kamens et al., 
1985). Some of these derivatives are mutagenic. If PAH photodegration is responsible for 
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Figure 3.16: Seasonal Trends of Non-polar Molecular Markers 
 
 
the seasonal pattern, then the hopanes are clearly superior source markers than PAH 
because of the better stability, especially in summer when photochemistry is enhanced.   
 
One common character in seasonal trends of both n-alkanes and hopanes is the fall 
maximum concentrations. The daily concentration levels also show some correlations 
with the highest correlation coefficient of 0.78 in the fall (Figure 3.19). The previous 
discussion suggests that meteorological conditions should influence the seasonal trend of 
n-alkanes, which might be applicable for hopanes as well. The possible explanations 
presented in this study are worth further investigating with additional sample collection 
Winter                 Spring                Summer                  Fall 
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and meteorological data for a focused study. Comparisons with results from other 
research are useful. 
 
3.2.5 Dicarboxylic Acids 
The dicarboxylic acids in aerosol samples are of importance because they are possible 
products of secondary photooxidation in urban atmosphere and are mostly present in the 
particle phase due to low vapor pressures. Dicarboxylic acids can be formed by 
photochemical reactions in atmosphere, or emitted directly from automobile exhausts, 
meat cooking and wood burning (Rogge et al., 1991; kawamura et al., 1987; Fraser et al., 
1998). Smog chamber experiments show that adipic (C6) and glutaric (C5) diacids are the 
major products of ozone oxidation of cyclohexene (Hatakeyama et al., 1985; 1987). 
However, the relative importance of the primary and secondary sources of dicarboxylic 
acids is still under investigation. 
 
The concentrations of total dicarboxylic acids show a significant seasonal variation with 
the highest concentration of 75.0 ng/m3 in summer, the lowest of 10.4 ng/m3 in spring, 
12.0 ng/m3 in winter and 19.5 ng/m3 in fall (Table 3.1). The considerable summer/spring 
ratio of 7.5, might suggest photochemical productions are the predominant sources for the 
atmospheric diacids during summer and contribute more diacids than primary emissions. 
This is largely derived from enhanced photochemical oxidation in the summer 
Significantly higher concentrations of some diacids were observed in the summer than 
other seasons in Figure 3.20. Five diacids (malonic, malic, succinic, glutaric and suberic 
acid) display a typical seasonal concentration trend with spring<winter<fall<<summer. 
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Figure 3.17: Concentration of PAHs and Hopanes in Fine Particles  
                                       in Philadelphia, PA 2000 
 
 
Azelaic, adipic, phthalic, methylsuccinic, and isophthalic acids are exceptions (Figure 
3.20). Azelaic acid shows the lowest level in winter rather than spring, and adipic acid 
shows the highest in fall rather than summer. Methylsuccinic and isophthalic acid will not 
be discussed further due to their low abundance in aerosol samples in Philadelphia. The 
seasonal trends of each single diacid will be discussed in following section since they 
might have different sources.   
 
Azelaic acid is of particular interest, because it is the most abundant dicarboxylic acid in 
the summer aerosol of Philadelphia with an average summer concentration of 25.5 ng/m3, 
comprising 32.6% of total diacids in summer samples (Table 3.10). The second highest 
1/21              2/5          3/28                        4/20        7/31          8/12         10/16             11/2
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Figure 3.18: Seasonal Correlations between Hopanes and PAH  
                                          in Philadelphia, PA 2000 
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PAHs vs. Hopanes in Summer
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Figure 3.18 (continued) 
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Figure 3.19: Seasonal Correlations between Hopanes and n-Alkanes 
                                      in Philadelphia, PA 2000 
 
 
 
116 
 
 
n-Alkanes vs. Hopanes in Summer
R2 = 0.2371
0
2
4
6
8
10
10 20 30 40 50
n-alkanes (ng/m3)
H
op
an
es
 (n
g/
m
3)
  
 
n-Alkanes vs. Hopanes in Fall
R2 = 0.7798
0
2
4
6
8
10
12
14
16
18
20
0 20 40 60 80 100 120
n-alkanes (ng/m3)
H
op
an
es
 (n
g/
m
3)
  
 
Figure 3.19 (continued) 
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Figure 3.20: Seasonal Trends of Individual Diacid 
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Figure 3.20 (continued) 
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Figure 3.20 (continued) 
 
 
diacid in summer is malic acid with 16.2 ng/m3, followed by succinic acid with 13.0 
ng/m3, malonic acid, suberic acid, phthalic acid, glutaric acid, adipic acid (Figure 3.20 
and Table 3.1). The seasonal trend of azelaic acid, characterized by a summer maximum 
and winter minimum in Philadelphia contrasts with the results from Southern California, 
where the highest azelaic acid level was measured in winter and the lowest in summer 
during 1982 (Rogge et al., 1993a).  
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Table 3.10: Relative Abundance of Dicarboxylic Acids in Philadelphia PM10 Samples 
  winter spring summer fall annual 
 1/21-2/5/00 3/28-4/20/00 7/31-8/2/00 10/16-11/2/00 2000 
      
malonic acid 8.6 3.9 16.9 3.0 12.4 
succinic acid 31.0 34.8 16.7 35.7 23.2 
methylsuccinic acid 5.9 3.7 1.0 3.8 2.3 
glutaric acid 10.4 7.1 2.4 7.4 4.6 
malic acid 1.8 1.0 20.8 5.0 14.2 
adipic acid 6.2 5.9 2.2 8.0 4.0 
suberic acid 3.0 3.8 3.5 3.8 3.5 
azelaic acid 18.4 32.9 32.6 23.8 29.5 
phthalic acid 11.8 5.4 3.4 7.2 5.2 
Isophthalic acid 3.0 1.5 0.5 2.1 1.1 
Total* 100% 100% 100% 100% 100% 
      
* sum of dicarboxylic acids identified in samples     
 
 
 
Azelaic acid (C9) has various sources, such as photochemical oxidation of biogenic 
unsaturated fatty acids emitted to the atmosphere, e.g. oleic acid (Kawamura et al., 1987; 
1993), seed oil as cooking and biological activities. Kawamura et al. (1996) suggested 
that the peak level of azelaic acid during summer in the Arctic was largely contributed 
from the more biogenic emission (e.g. sea salt particles) to the atmosphere due to open 
water and high biological activity conditions during summer.  
 
The photochemical precursors of dicarboxylic acids are from anthropogenic (traffic) and 
biogenic sources. As for azelaic acid, the secondary atmospheric oxidation precursors 
were proposed to be biogenic unsaturated fatty acids, whose double bounds are 
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Table 3.11: Seasonal Concentration Ratio of Diacids 
    summer/winter summer/spring summer/fall 
malonic acid 10.9 30.5 20.4 
succinic acid 2.98 3.37 1.70 
glutaric acid 1.25 2.31 1.16 
malic acid  63.6 140 15.0 
adipic acid  1.95 2.58 0.98 
suberic acid 6.43 6.38 3.28 
azelaic acid 9.78 6.94 4.98 
phthalic acid 1.60 4.44 1.72 
                           Values in bold indicate highest values 
 
 
predominantly at C9 position. Oleic acid (cis-9-octadecenoic acid) is one of the 
candidates (Kawamura et al., 1987; 1993). It has been identified in fine particulate matter 
emission of meat cooking, seed oil, plant leaves, cigarette smoke and automobile 
exhausts (Rogge et al., 1991; 1993b; 1993d; 1994). As the possible photooxidation 
product of oleic acid, azelaic acid shows a significant concentration elevation from winter 
to summer by a factor of 9.8, while the other diacids concentrations are lowest in spring 
(Figure 3.20, Table 3.1). The unique seasonal character of azelaic acid may suggest the 
particular precursor sources, i.e food preparation, which is apart from the sources for 
other diacid precursors.  
 
 
Although the primary sources for particulate dicarboxylic acids in the atmosphere are to 
date not clear, dicarboxylic acids ranging from C2 to C10 have been identified from 
gasoline and diesel exhausts (Kawamura et al., 1987; Fraser et al., 1998), succinic, 
 
122 
 
glutaric and adipic acid have been found in meat cooking operations (Rogge et al., 1991). 
However, a study in Tokyo suggests that secondary atmospheric oxidation is the 
predominant sources, which contribute more dicarboxylic acids than direct emissions to 
ambient particulate matter (Kawamura, et al., 1996).  
 
The variable distribution profiles of particulate dicarboxylic acids through four seasons 
are given in Figure 3.21. The distributions are similar for winter, spring and fall, but the 
profile of diacids shows a unique distribution in summer with a predominance of azelaic 
acid. Succinic acid is the most abundant diacid in non-summer seasons with the least 
abundance of malic acid or malonic acid. By contrast, malic and malonic acids are the 
second and third most abundant diacid in summer with the lowest concentrations for  
adipic and glutaric acids. Adipic (C6) and glutaric (C5) diacids are of intermediate 
abundance in non-summer seasons.      
 
Malic acid is significantly enriched in the summer with average concentration of 16.2 
ng/m3, compared to 0.12 ng/m3 in spring, 0.26 ng/m3 in winter, and 1.08 ng/m3 in fall 
(Table 3.1 and Fig 3.20), and Csummer/Cspring=140, Csummer/Cwinter=64, Csummer/Cfall=15 
(Table 3.11). Interestingly, malic acid accounts for 20.8% of dicarboxylic acids during 
summer, but as low as 1.0% in spring (Table 3.10). The significant increment of relative 
abundance of malic acid may suggest that secondary formation of malic acid is the 
predominant source in summer month when photochemical reactions is more active than 
any other seasons. The concentration ratios of various seasons reflect seasonality of 
primary emission patterns and photochemical strength.  
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Figure 3.21: Distribution Profile of Dicarboxylic Acids 
 
 
3.3 Health Concerns 
Particulate matter has long been recognized as a potential risk factor for respiratory and 
cardiopulmonary mortality (Pope, et al., 2002; Schwartz, 1991/1992; 1994). An 
epidemiological study in Philadelphia found an association between total suspended 
particle and mortality during year 1974-1988 (Kelsall et al., 1997). The present study 
considers the relationship between organic particulate matter in Philadelphia and relevant 
health effects, like asthma. As a first step comparison, the number of patient visits for 
asthma in the District Health Center near sampling site was retrieved for 2000 to study 
the relationship between organic species identified in aerosol samples and the occurrence 
of asthma in Philadelphia. 
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Figure 3.22: Asthma Visits in Philadelphia in 2000 
 
 
The monthly distribution of asthma visits during 2000 is shown in Figure 3.22 (Kim’s 
thesis). October 2000 is of particular interest because of the highest number of asthma 
visits (431). On the contrary, only 173 asthma visits were seen in July. Due to the some 
limitation of this study, e.g. relatively short sampling period, access to health-related 
information, etc., a simple correlation between seasonal asthma visits and one organic 
class was performed (Figure 3.23). Hopanes series were involved in this comparison 
because they are also peak in fall (10/16-11/2, Table 3.1). These hopane compounds are 
promising tracers for biological toxic compounds which associated with mobile sources. 
 
The scatter plot of Figure 3.23 shows a fairly good correlation of asthma visits with 
hopanes (R2=0.55). The very preliminary comparison suggests that it might be worth for 
epidemiologists and chemists to study these molecular markers as possible trials for 
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Figure 3.23: Correlation of Seasonal Hopanes Concentration and Asthma Visits  
 
 
understanding the association between chemical composition of particulate air pollution 
and health problems. 
 
3.4 Summary 
The non-polar organic species (n-alkanes, PAH and hopanes) and the polar species (n-
alkanoic acids and dicarboxylic acids) show a similar daily concentration variation 
pattern. This pattern may be affected more by the meteorological conditions than 
individual emission sources.  
 
The non-polar organic species show distinct seasonal patterns, although they are emitted 
from the same type of sources, combustion of petroleum-based products and other 
material, with an exception of biogenic n-alkanes. PAH concentrations maximized in the 
winter, probably resulting from the lower inversion layer and lower mixing height in the 
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season, as well as additional emissions from heating supplies. Despite of the similar 
anthropogenic sources with PAH, n-alkanes and hopanes peaked in the fall rather than the 
winter. This discrepancy becomes interesting because fall is the season when asthma 
patients visited the health center more frequently. Hopanes can be a promising tracer for 
air pollutants from mobile sources and should be considered by epidemiologists who are 
studying the effects of fine particles on asthma. 
 
The enrichment of n-alkanes might be attributed to increased biogenic sources in the fall, 
e.g. plant wax emissions, based on the increased carbon preference index value. The fall 
maximum of hopanes needs further investigation to understand the potential causes, such 
as vehicle fleet characteristics of hopanes, weather patterns, etc.  
 
The n-alkanoic acids are the most abundant species identified in the Philadelphia 2000 
samples, with a predominance of palmitic acid (C16) and stearic acid (C18), which are 
mainly from cooking activities. The dicarboxylic acids are possible photooxidation 
products in the atmosphere. This is consistent with the measurements that the 
concentrations of the dicarboxylic acids increased by 7 times from spring to summer 
when photochemical reactions are the most active. The summer dicarboxylic acids were 
predominated by azelaic acid, whose main secondary precursors are from cooking. 
Dicarboxylic acids have different distribution profiles in summer and non-summer 
seasons indicating different sources in individual seasons. Secondary productions might 
be the dominant sources for dicarboxylic acids in summer, while the primary sources 
such as motor exhausts might be important in non-summer seasons. 
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In summary, this study provides an insight of the ambient concentrations of the molecular 
markers in fine particles and improves the scientific understanding of aerosol chemistry. 
 
128 
 
4. Conclusion and Recommendation 
The main accomplishment of this study is the successful analytical approach used for 
quantification of major organic molecular markers in fine particles in the atmosphere. 
The 5-point mass calibration was established in the approach and conducted for almost 
every individual molecular marker. It generates more consistent analytical results than 
one-point calibration, although extensive laboratory work may be required for 
preparation of the 5-point calibration. The exclusive quality control plan that was 
developed during this study is another important contribution to this research area in term 
of the precise and accurate measurements of the molecular markers. This study provides 
their ambient concentrations of major molecular markers in fine particles in Philadelphia 
as well as the knowledge of the precision of the concentration measurements. The 
interesting variations of the ambient concentration of the molecular markers between 
seasons are worth to be further investigated.  
 
More research efforts should be taken to improve the precision of the analytical 
measurements and consistence of the measurements between different research groups. 
Eventually, a standard analytical procedure and quality control strategy should be 
established to quantify organic molecular markers in fine particles. Source inventory of 
organic particulates in Philadelphia needs to be created to initiate source apportionment 
modeling. The knowledge of the organic particle sources will facilitate the understanding 
of the seasonal variations of the molecular markers.  
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Appendix A: Supplemental Tables 
Table A.1: Concentrations of PAH in Philadelphia, PA, Winter 2000 
Winter be
nz
o[
b]
flu
or
an
th
en
e 
be
nz
o[
k]
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or
an
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en
e 
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nz
o[
e]
py
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ne
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no
[1
,2
,3
-c
d]
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or
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en
e 
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no
[1
,2
,3
-c
d]
py
re
ne
 
To
ta
l P
A
H
 
1/21/2000 2.27 2.15 1.53 0.0 0.45 6.40
1/22/2000 2.56 2.51 2.40 0.0 0.88 8.34
1/23/2000 3.41 3.88 2.57 0.0 1.35 11.20
1/24/2000 2.05 1.90 1.20 0.0 0.92 6.07
1/25/2000 0.10 0.00 0.10 0.0 0.00 0.20
1/26/2000 0.16 0.10 0.06 0.0 0.00 0.32
1/27/2000 0.45 0.37 0.31 0.0 0.08 1.22
1/28/2000 1.05 0.81 0.59 0.0 0.10 2.55
1/29/2000 2.04 2.07 - 0.0 1.82  -
1/30/2000 1.50 1.27 0.85 0.0 0.69 4.31
1/31/2000 0.54 0.56 0.36 0.0 0.19 1.65
2/1/2000 0.79 0.52 0.57 0.30 0.35 2.52
2/2/2000 0.92 0.83 0.61 0.0 0.56 2.91
2/3/2000 1.37 1.14 1.02 0.0 0.67 4.21
2/4/2000 2.45 2.28 1.86 0.0 1.92 8.51
2/5/2000 0.09 0.08 0.11 0.0 0.00 0.28
 
Min 0.09 0.00 0.06 0.0 0.00 0.20
Max 3.41 3.88 2.57 0.30 1.92 11.20
Mean 1.36 1.28 0.94 0.0 0.62 4.05
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Table A.2: Concentrations of PAH in Philadelphia, PA, Spring 2000 
Spring be
nz
o[
b]
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e 
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3/28/2000 2.03 1.75 2.15 0.00 0.00 5.92
3/29/2000 0.77 0.43 0.42 0.00 0.24 1.85
3/30/2000 0.30 0.27 0.18 0.00 0.00 0.75
3/31/2000 1.27 0.89 0.62 0.00 0.00 2.78
4/1/2000   
4/2/2000 1.10 0.60 0.64 0.00 0.00 2.33
4/3/2000 0.26 0.00 0.16 0.00 0.00 0.42
4/4/2000 0.72 0.34 0.58 0.00 0.00 1.65
4/5/2000 0.73 0.91 0.86 0.00 0.50 3.00
4/6/2000 1.19 0.67 0.82 0.00 0.45 3.13
4/7/2000 1.16 0.70 0.72 0.00 0.57 3.14
4/8/2000 0.77 1.10 0.51 0.00 0.40 2.78
4/11/2000 0.04 0.03 0.03 0.00 0.00 0.10
4/12/2000 0.29 0.22 0.19 0.00 0.00 0.70
4/13/2000 1.19 0.99 0.84 0.00 0.60 3.63
4/14/2000 1.88 1.53 1.43 0.66 1.15 6.66
4/15/2000 2.17 1.74 1.67 0.00 1.49 7.07
4/16/2000 1.36 1.93 0.89 0.00 1.28 5.47
4/17/2000 0.24 0.00 0.00 0.00 0.00 0.24
4/18/2000 0.82 0.00 0.56 0.00 0.00 1.38
4/19/2000 0.64 0.33 0.48 0.00 0.00 1.45
4/20/2000 1.70 0.00 0.91 0.00 0.00 2.61
   
Min 0.0 0.0 0.0 0.0 0.0 0.1
Max 2.2 1.9 2.2 0.7 1.5 7.1
Mean 1.0 0.7 0.7 0.0 0.3 2.7
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Table A.3: Concentrations of PAH in Philadelphia, PA, Summer 2000 
Summer be
nz
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7/31/2000 0.42 0.00 0.20 0.00 0.00 0.62
8/1/2000 1.42 0.46 0.76 0.00 0.58 3.22
8/2/2000 0.83 0.00 1.10 0.00 0.46 2.40
8/3/2000 1.42 2.10 1.47 0.00 0.42 5.41
8/4/2000   
8/5/2000 0.00 0.00 0.26 0.00 0.00 0.26
8/6/2000 0.78 0.42 0.39 0.00 0.00 1.59
8/7/2000 0.00 0.00 0.00 0.00 0.00 0.00
8/8/2000 0.00 0.00 0.00 0.00 0.00 0.00
8/9/2000 0.00 0.66 0.57 0.00 0.00 1.23
8/10/2000 0.48 1.01 0.31 0.00 0.00 1.80
8/11/2000 1.50 1.94 0.60 0.00 0.00 4.03
8/12/2000 0.04 0.03 0.03 0.00 0.00 0.10
   
Min 0.0 0.0 0.0 0.0 0.0 0.0
Max 1.5 2.1 1.5 0.0 0.6 5.4
Mean 0.6 0.6 0.5 0.0 0.1 1.7
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Table A.4: Concentrations of PAH in Philadelphia, PA, Fall 2000 
Fall be
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10/16/2000 0.96 0.00 0.64 0.00 0.00 1.61
10/17/2000 0.43 0.43 0.45 0.00 0.00 1.31
10/18/2000 0.98 0.00 0.52 0.00 0.00 1.50
10/19/2000 0.94 1.17 2.11 0.00 1.11 5.33
10/20/2000 2.91 2.07 3.35 0.00 1.49 9.82
10/21/2000 1.64 1.10 1.85 0.00 0.63 5.22
10/22/2000 0.93 0.79 0.44 0.00 0.00 2.16
10/23/2000 1.61 0.00 0.00 0.00 0.00 1.61
10/24/2000 0.86 0.49 0.00 0.00 0.00 1.35
10/25/2000 0.44 0.85 0.00 0.00 0.00 1.29
10/26/2000 1.09 0.00 0.32 0.00 0.69 2.10
10/27/2000 4.32 2.87 2.30 0.00 1.65 11.14
10/28/2000 0.12 0.05 0.01 0.00 0.02 0.20
10/29/2000 0.33 0.53 0.31 0.00 0.26 1.43
10/30/2000 1.06 0.77 0.88 0.00 0.00 2.71
10/31/2000 0.21 0.22 0.00 0.00 0.00 0.43
11/1/2000 0.25 0.00 0.00 0.00 0.00 0.25
11/2/2000 0.00 0.00 0.00 0.00 0.00 0.00
   
Min 0.0 0.0 0.0 0.0 0.0 0.0
Max 4.3 2.9 3.3 0.0 1.7 11.1
Mean 1.1 0.6 0.7 0.0 0.3 2.7
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Table A.5: Concentrations of Hopanes in Philadelphia, PA, Winter 2000 
Winter 18
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1/21/2000 0.91 0.70 1.62 0.39 2.01 0.75 0.63 0.29 0.26
1/22/2000 0.81 0.58 1.78 0.24 1.55 0.51 0.48 0.45 0.00
1/23/2000 0.92 0.81 2.78 0.32 2.41 0.94 0.43 0.49 0.40
1/24/2000 0.51 0.42 1.69 1.67 0.25 1.66 0.60 0.53 0.19
1/25/2000 0.05 0.05 0.13 0.03 0.10 0.05 0.04 0.00 0.00
1/26/2000 0.09 0.06 0.25 0.03 0.18 0.07 0.04 0.05 0.00
1/27/2000 0.14 0.10 0.29 0.06 0.27 0.09 0.10 0.08 0.07
1/28/2000 0.02 0.13 0.39 0.07 0.42 0.14 0.06 0.09 0.00
1/29/2000 0.72 0.46 2.23 0.28 1.67 0.75 0.52 0.35 0.31
1/30/2000 0.39 0.26 1.15 0.15 1.03 0.39 0.31 0.25 0.20
1/31/2000 0.19 0.16 0.41 0.08 0.39 0.11 0.11 0.08 0.04
2/1/2000 0.17 0.12 0.43 0.09 0.40 0.14 0.08 0.05 0.04
2/2/2000 0.26 0.21 0.65 0.12 0.59 0.22 0.18 0.12 0.07
2/3/2000 0.53 0.46 1.60 0.24 1.28 0.57 0.38 0.27 0.21
2/4/2000 0.49 0.53 2.08 0.28 1.55 0.65 0.54 0.46 0.25
2/5/2000 0.05 0.03 0.09 0.02 0.09 0.03 0.01 0.02 0.00
  
Min 0.02 0.03 0.09 0.02 0.09 0.03 0.01 0.00 0.00
Max 0.92 0.81 2.78 1.67 2.41 1.66 0.63 0.53 0.40
Mean 0.39 0.32 1.10 0.26 0.89 0.44 0.28 0.22 0.13
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Table A.6: Concentrations of Hopanes in Philadelphia, PA, Spring 2000 
Spring 18
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3/28/2000 0.23 0.13 0.42 0.09 0.33 0.11 0.07 0.06 0.04
3/29/2000 0.20 0.15 0.50 0.09 0.52 0.17 0.14 0.13 0.07
3/30/2000 0.25 0.17 0.63 0.12 0.58 0.22 0.17 0.16 0.10
3/31/2000 0.84 0.00 1.46 0.21 1.45 0.71 0.52 0.28 0.18
4/1/2000    
4/2/2000 0.32 0.23 1.08 0.18 0.86 0.31 0.33 0.14 0.17
4/3/2000 0.28 0.20 0.87 0.18 0.69 0.29 0.24 0.14 0.08
4/4/2000 0.34 0.25 0.63 0.11 0.60 0.20 0.12 0.07 0.07
4/5/2000 0.58 0.53 1.61 0.19 1.56 0.64 0.48 0.33 0.21
4/6/2000 0.53 0.48 1.56 0.31 1.36 0.63 0.42 0.35 0.35
4/7/2000 0.84 0.63 2.35 0.53 1.75 0.75 0.54 0.43 0.37
4/8/2000 0.34 0.26 0.76 0.15 0.90 0.42 0.37 0.11 0.21
4/11/2000 0.32 0.27 0.62 0.16 0.60 0.16 0.32 0.14 0.06
4/12/2000 0.21 0.18 0.69 0.13 0.60 0.21 0.12 0.17 0.13
4/13/2000 0.73 0.50 1.72 0.32 1.86 0.72 0.59 0.41 0.36
4/14/2000 0.62 0.60 1.51 0.28 1.41 0.49 0.37 0.27 0.15
4/15/2000 1.20 0.84 2.51 0.36 2.76 1.12 0.75 0.58 0.22
4/16/2000 0.43 0.41 1.29 0.33 1.32 0.59 0.33 0.19 0.19
4/17/2000 0.23 0.24 0.37 0.11 0.22 0.12 0.08 0.06 0.02
4/18/2000 0.58 0.50 1.71 0.54 1.71 0.73 0.46 0.38 0.14
4/19/2000 0.61 0.64 1.33 0.29 1.13 0.57 0.26 0.22 0.12
4/20/2000 0.87 0.64 1.94 0.39 1.98 0.96 0.49 0.33 0.33
    
Min 0.20 0.00 0.37 0.09 0.22 0.11 0.07 0.06 0.02
Max 1.20 0.84 2.51 0.54 2.76 1.12 0.75 0.58 0.37
Mean 0.50 0.37 1.22 0.24 1.15 0.48 0.34 0.24 0.17
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Table A.7: Concentrations of Hopanes in Philadelphia, PA, Summer 2000 
Summer 18
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7/31/2000 0.28 0.27 0.84 0.17 1.05 0.41 0.32 0.24 0.16
8/1/2000 0.36 0.46 1.46 0.29 2.08 0.79 0.45 0.33 0.43
8/2/2000 0.26 0.38 0.94 0.14 1.17 0.56 0.30 0.24 0.37
8/3/2000 0.65 0.66 1.90 0.30 1.62 0.86 0.29 0.50 0.56
8/4/2000    
8/5/2000 0.31 0.26 1.20 0.21 1.17 0.36 0.23 0.17 0.22
8/6/2000 0.45 0.21 0.80 0.27 1.21 0.28 0.21 0.18 0.09
8/7/2000 0.24 0.40 0.73 0.14 0.95 0.53 0.20 0.24 0.19
8/8/2000 0.18 0.16 0.67 0.12 0.96 0.49 0.22 0.27 0.18
8/9/2000 0.31 0.20 1.03 0.17 1.02 0.43 0.19 0.28 0.13
8/10/2000 0.55 0.69 1.68 0.23 2.61 0.63 0.46 0.23 0.22
8/11/2000 0.88 0.63 2.52 0.28 2.50 0.82 0.59 0.29 0.23
8/12/2000 0.67 0.44 1.43 0.35 1.31 0.67 0.43 0.27 0.20
          
Min 0.18 0.16 0.67 0.12 0.95 0.28 0.19 0.17 0.09 
Max 0.88 0.69 2.52 0.35 2.61 0.86 0.59 0.50 0.56 
Mean 0.43 0.40 1.27 0.22 1.47 0.57 0.32 0.27 0.25 
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Table A.8: Concentrations of Hopanes in Philadelphia, PA, Fall 2000 
Fall 18
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10/16/2000 0.59 0.45 1.42 0.18 1.29 0.67 0.31 0.33 0.20
10/17/2000 0.81 0.49 1.94 0.38 1.80 0.84 0.58 0.43 0.28
10/18/2000 0.70 0.55 1.32 0.18 1.15 0.48 0.34 0.22 0.26
10/19/2000 1.00 0.89 2.31 0.42 2.76 1.07 0.79 0.57 0.35
10/20/2000 1.53 1.14 2.76 0.78 1.97 0.63 0.43 0.37 0.42
10/21/2000 1.01 0.76 2.72 0.42 2.74 1.12 0.69 0.55 0.48
10/22/2000 0.55 0.65 2.08 0.24 1.88 0.85 0.60 0.54 0.23
10/23/2000 0.53 0.52 1.73 0.28 1.54 0.83 0.39 0.26 0.20
10/24/2000 0.85 0.79 2.12 0.49 1.80 0.88 0.53 0.56 0.43
10/25/2000 0.77 0.83 2.31 0.48 2.92 1.12 0.74 0.42 0.52
10/26/2000 1.24 0.99 3.36 1.01 3.17 2.52 0.91 0.70 0.67
10/27/2000 1.32 1.14 5.07 0.88 4.86 2.21 1.60 1.05 0.80
10/28/2000 0.32 0.25 0.70 0.12 0.88 0.39 0.34 0.19 0.23
10/29/2000 0.22 0.21 0.49 0.08 0.59 0.14 0.14 0.12 0.14
10/30/2000 0.37 0.29 0.78 0.12 0.75 0.29 0.23 0.11 0.07
10/31/2000 0.28 0.25 0.54 0.11 0.59 0.27 0.20 0.12 0.10
11/1/2000 0.34 0.22 0.68 0.14 0.70 0.26 0.15 0.19 0.08
11/2/2000 0.45 0.33 0.85 0.15 1.40 0.38 0.14 0.20 0.30
          
Min 0.22 0.21 0.49 0.08 0.59 0.14 0.14 0.11 0.07
Max 1.53 1.14 5.07 1.01 4.86 2.52 1.60 1.05 0.80
Mean 0.72 0.60 1.84 0.36 1.82 0.83 0.51 0.38 0.32
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Table A.9: Concentrations of n-Alkanoic Acids in Philadelphia, PA, Winter 2000 
Winter C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 
1/21/2000 2.17 1.10 3.17 0.79 3.09 0.98 17.15 1.25 12.34 0 2.04 
1/22/2000 8.68 4.97 7.55 3.98 23.72 7.68 243.32 7.56 143.78 1.81 4.44 
1/23/2000 3.13 1.33 4.46 0.65 12.08 2.82 85.18 3.43 32.98 1.50 3.58 
1/24/2000 0.51 0.29 1.07 0.23 2.43 0.59 17.63 0.65 7.55 0.30 0.73 
1/25/2000 0.17 0.00 0.34 0.00 0.30 0.12 1.75 0.13 1.36 0.10 0.22 
1/26/2000 0.10 0.13 0.39 0.11 0.35 0.08 1.47 0.08 1.59 0.09 0.14 
1/27/2000 0.33 0.13 0.53 0.09 0.38 0.15 2.66 0.18 1.60 0.13 0.25 
1/28/2000 1.31 0.56 1.79 0.38 1.99 0.75 13.59 0.60 7.85 0.40 0.64 
1/29/2000 0.63 0.35 2.33 0.28 1.98 0.70 23.49 0.67 11.52 0.48 1.48 
1/30/2000 0.55 0.48 2.03 0.35 2.50 0.80 23.75 0.80 11.83 0.45 1.07 
1/31/2000 0.80 0.49 2.79 0.25 2.76 0.94 27.94 0.68 10.63 0.27 0.90 
2/1/2000 0.61 0.33 1.06 0.20 1.47 0.39 11.23 0.35 5.61 0.18 0.39 
2/2/2000 0.57 0.22 1.29 0.18 1.31 0.28 9.42 0.26 6.01 0.00 0.28 
2/3/2000 0.28 0.20 0.84 0.13 2.17 0.48 16.13 0.62 8.29 0.31 0.63 
2/4/2000 0.84 0.54 2.75 0.72 6.65 1.44 46.52 1.42 23.00 0.47 1.21 
2/5/2000 0.02 0.09 0.54 0.21 2.04 0.59 27.70 0.00 15.09 0.00 0.00 
            
Min 0.02 0.00 0.34 0.00 0.30 0.08 1.47 0.00 1.36 0.00 0.00 
Max 8.68 4.97 7.55 3.98 23.72 7.68 243.32 7.56 143.78 1.81 4.44 
Mean 1.29 0.70 2.06 0.53 4.08 1.17 35.56 1.17 18.82 0.41 1.12 
 
 
Winter C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 
1/21/2000 1.24 3.61 0.00 3.26 0.00 2.56 0.00 2.23 0.00 1.24 
1/22/2000 2.37 5.69 0.00 9.41 1.87 5.98 0.75 2.10 0.00 1.26 
1/23/2000 2.43 9.29 6.27 10.61 2.16 7.01 0.00 3.11 0.00 0.00 
1/24/2000 0.63 1.82 1.58 2.63 0.00 1.98 0.00 0.86 0.00 1.05 
1/25/2000 0.25 0.51 0.00 0.52 0.00 0.34 0.00 0.00 0.00 0.00 
1/26/2000 0.16 0.26 0.00 0.26 0.14 0.33 0.42 0.35 0.00 0.53 
1/27/2000 0.14 0.37 0.13 0.34 0.00 0.17 0.00 0.00 0.00 0.00 
1/28/2000 0.41 1.12 0.00 1.24 0.29 0.78 0.14 0.34 0.06 0.26 
1/29/2000 1.00 3.01 0.00 3.99 0.74 2.79 0.54 0.67 0.00 0.00 
1/30/2000 0.57 2.35 0.00 3.36 0.41 2.09 0.00 0.62 0.16 0.39 
1/31/2000 0.57 2.23 0.00 3.05 0.46 2.07 0.25 0.80 0.00 0.50 
2/1/2000 0.16 0.77 0.00 0.89 0.16 0.79 0.00 0.44 0.00 0.31 
2/2/2000 0.00 0.55 0.00 0.60 0.00 0.28 0.00 0.23 0.00 0.00 
2/3/2000 0.35 1.06 0.00 1.53 0.22 0.72 0.00 0.00 0.00 0.00 
2/4/2000 0.70 2.71 0.00 3.60 0.51 2.11 0.00 0.91 0.00 0.51 
2/5/2000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
           
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Max 2.43 9.29 6.27 10.61 2.16 7.01 0.75 3.11 0.16 1.26 
Mean 0.69 2.21 0.50 2.83 0.43 1.88 0.13 0.79 0.01 0.38 
 
147 
 
Table A.10: Concentrations of n-Alkanoic Acids in Philadelphia, PA, Spring 2000 
Spring C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 
3/28/2000 0.46 0.33 1.10 0.49 3.30 1.03 42.93 0.90 22.95 0.26 0.65 
3/29/2000 0.27 0.21 1.11 0.21 1.57 0.38 17.07 0.33 7.46 0.16 0.17 
3/30/2000 0.32 0.18 0.95 0.29 1.69 0.56 16.90 0.43 9.16 0.16 0.32 
3/31/2000 0.08 0.11 0.40 0.12 0.71 0.26 7.56 0.21 4.54 0.12 0.36 
4/1/2000 1.54 0.69 1.14 1.36 16.41 4.74 116.94 5.75 91.63 0.97 4.67 
4/2/2000 0.78 0.50 0.88 0.68 6.95 2.64 115.13 2.73 71.01 0.60 1.79 
4/3/2000 0.11 0.08 0.41 0.13 1.52 0.50 13.70 0.33 7.37 0.18 0.50 
4/4/2000 0.31 0.36 0.55 0.32 2.70 0.74 35.60 0.62 20.24 0.22 0.61 
4/5/2000 0.29 0.29 1.86 0.34 3.57 0.79 37.09 0.66 14.55 0.39 0.54 
4/6/2000 1.38 0.89 0.71 0.58 4.67 3.14 68.37 2.86 44.18 0.68 1.80 
4/7/2000 0.59 0.34 0.43 0.42 4.64 2.08 68.11 2.11 40.45 0.56 1.52 
4/8/2000 0.35 0.21 0.43 0.27 1.82 0.75 36.20 0.76 21.00 0.00 0.80 
4/11/2000 0.09 0.16 0.61 0.13 0.75 0.19 4.63 0.13 2.76 0.00 0.20 
4/12/2000 0.20 0.17 0.47 0.09 0.55 0.15 3.02 0.13 2.13 0.08 0.18 
4/13/2000 1.91 0.92 1.79 1.41 14.51 3.28 173.96 3.43 96.78 0.64 2.04 
4/14/2000 2.26 1.13 1.65 1.24 21.89 6.66 134.83 7.34 102.88 0.90 3.42 
4/15/2000 0.62 0.23 0.73 0.45 6.98 3.00 148.79 4.33 92.17 0.49 2.31 
4/16/2000 2.70 0.97 1.53 1.09 11.35 5.83 123.50 5.57 94.07 0.84 2.90 
4/17/2000 0.21 0.17 0.87 0.27 1.52 0.31 6.34 0.26 3.37 0.10 0.23 
4/18/2000 0.29 0.28 1.02 0.30 1.46 0.44 8.35 0.40 5.29 0.28 0.56 
4/19/2000 0.68 0.45 2.03 0.72 8.08 1.74 29.21 1.37 15.16 0.30 0.63 
4/20/2000 1.12 0.69 1.39 0.95 9.55 3.05 86.33 1.81 39.39 0.36 0.75 
            
Min 0.08 0.08 0.40 0.09 0.55 0.15 3.02 0.13 2.13 0.00 0.17 
Max 2.70 1.13 2.03 1.41 21.89 6.66 173.96 7.34 102.88 0.97 4.67 
Mean 0.75 0.42 1.00 0.54 5.74 1.92 58.84 1.93 36.75 0.38 1.22 
 
Spring C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 
3/28/2000 0.21 0.53 0.00 0.61 0.11 0.32 0.00 0.16 0.00 0.00
3/29/2000 0.00 0.38 0.00 0.26 0.00 0.23 0.00 0.00 0.00 0.00
3/30/2000 0.13 0.37 0.00 0.25 0.00 0.21 0.00 0.00 0.00 0.00
3/31/2000 0.18 0.61 0.00 0.70 0.00 0.00 0.00 0.00 0.00 0.00
4/1/2000 0.67 2.90 0.00 3.28 0.00 1.65 0.00 0.31 0.00 0.00
4/2/2000 0.33 1.09 0.00 1.65 0.00 1.06 0.00 0.52 0.00 0.00
4/3/2000 0.17 0.29 0.00 0.46 0.04 0.28 0.00 0.24 0.00 0.00
4/4/2000 0.22 0.45 0.00 0.46 0.00 0.55 0.28 0.50 0.23 0.00
4/5/2000 0.36 0.56 0.00 0.71 0.00 0.00 0.00 0.00 0.00 0.00
4/6/2000 0.62 2.09 0.00 2.46 0.55 1.94 0.51 1.55 0.45 0.97
4/7/2000 0.69 1.25 0.00 1.28 0.27 1.12 0.00 0.73 0.00 0.00
4/8/2000 0.26 0.71 0.00 0.93 0.12 0.61 0.00 0.00 0.00 0.00
4/11/2000 0.15 0.22 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00
4/12/2000 0.15 0.35 0.00 0.49 0.15 0.45 0.00 0.28 0.00 0.00
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Table A.10 (continued) 
4/13/2000 0.38 1.09 0.00 1.49 0.00 0.65 0.00 0.00 0.00 0.00
4/14/2000 0.69 2.26 0.00 2.48 0.29 1.35 0.00 0.66 0.00 0.00
4/15/2000 0.36 1.19 0.00 1.00 0.16 0.49 0.00 0.00 0.00 0.00
4/16/2000 0.62 3.57 0.00 4.55 0.43 2.89 0.47 1.47 0.47 0.92
4/17/2000 0.19 0.37 0.00 0.38 0.09 0.23 0.00 0.17 0.00 0.00
4/18/2000 0.45 0.95 0.00 0.87 0.65 0.97 0.63 0.86 0.88 0.91
4/19/2000 0.31 0.99 0.00 0.84 0.21 0.48 0.18 0.51 0.00 0.32
4/20/2000 0.25 0.65 0.00 0.57 0.00 0.22 0.00 0.00 0.00 0.00
           
Min 0.00 0.22 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 
Max 0.69 3.57 0.00 4.55 0.65 2.89 0.63 1.55 0.88 0.97 
Mean 0.34 1.04 0.00 1.18 0.14 0.71 0.09 0.36 0.09 0.14 
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Table A.11: Concentrations of n-Alkanoic Acids in Philadelphia, PA, Summer 2000 
Summer C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 
7/31/2000 0.79 0.24 0.93 0.43 3.89 1.72 25.07 0.86 11.13 0.26 0.82 
8/1/2000 2.14 0.45 0.93 0.45 3.41 1.88 64.35 3.51 65.37 0.62 2.06 
8/2/2000 3.41 0.93 1.18 0.80 6.19 3.68 49.60 6.94 131.67 1.01 3.73 
8/3/2000 2.19 0.73 0.98 0.63 4.94 2.86 68.71 5.16 75.02 0.89 3.20 
8/4/2000 2.27 0.74 1.34 1.08 6.91 5.78 154.83 7.10 121.73 0.85 3.62 
8/5/2000 1.22 0.46 1.67 0.83 8.28 3.66 67.26 1.65 25.37 0.29 1.13 
8/6/2000 3.07 0.99 1.02 1.52 6.56 3.58 178.71 7.31 157.69 1.23 3.88 
8/7/2000 1.11 0.43 0.47 0.11 2.54 1.50 31.31 1.08 14.76 0.37 1.56 
8/8/2000 0.97 0.22 0.62 0.27 2.95 1.71 33.59 1.08 15.16 0.35 1.57 
8/9/2000 2.70 0.79 1.23 1.29 6.21 4.00 129.88 5.81 102.04 0.81 2.55 
8/10/2000 0.98 0.25 0.82 0.50 4.21 2.64 76.32 1.84 34.96 0.32 1.16 
8/11/2000 4.40 1.09 1.60 1.82 10.20 8.03 151.06 9.91 122.91 0.99 3.82 
8/12/2000 3.54 1.06 1.19 1.47 7.72 6.09 127.67 8.36 116.07 0.94 4.22 
            
Min 0.79 0.22 0.47 0.11 2.54 1.50 25.07 0.86 11.13 0.26 0.82 
Max 4.40 1.09 1.67 1.82 10.20 8.03 178.71 9.91 157.69 1.23 4.22 
Mean 2.21 0.65 1.08 0.86 5.69 3.63 89.11 4.66 76.45 0.69 2.56 
            
            
Summer C21 C22 C23 C24 C25 C26 C27 C28 C29 C30  
7/31/2000 0.37 0.46 0.35 0.60 0.33 0.66 0.40 0.73 0.49 0.87 
8/1/2000 0.39 1.11 0.36 1.50 0.33 0.88 0.17 0.58 0.15 0.90 
8/2/2000 0.52 1.98 0.92 3.39 0.26 1.85 0.30 1.37 0.00 1.83 
8/3/2000 0.64 2.18 0.76 3.86 0.54 2.22 0.36 1.08 0.21 0.93 
8/4/2000 0.48 2.25 0.70 1.83 0.82 2.64 0.77 1.66 0.00 1.65 
8/5/2000 0.25 0.77 0.26 0.65 0.24 0.53 0.17 0.32 0.00 0.51 
8/6/2000 1.00 2.71 0.93 4.62 0.68 3.52 0.79 3.37 0.00 3.08 
8/7/2000 0.45 1.57 0.57 1.68 0.51 2.32 0.63 2.77 0.61 3.30 
8/8/2000 0.40 1.79 0.57 1.85 0.33 1.78 0.36 1.75 0.24 2.01 
8/9/2000 0.62 2.12 0.63 2.20 0.27 1.23 0.28 0.88 0.00 0.99 
8/10/2000 0.25 1.12 0.36 1.02 0.24 0.51 0.20 0.64 0.00 0.53 
8/11/2000 0.52 1.84 0.52 1.19 0.27 0.92 0.25 0.65 0.00 0.65 
8/12/2000 0.59 2.22 0.62 1.68 0.43 1.79 0.50 1.62 0.00 1.43 
            
Min 0.25 0.46 0.26 0.60 0.24 0.51 0.17 0.32 0.00 0.51  
Max 1.00 2.71 0.93 4.62 0.82 3.52 0.79 3.37 0.61 3.30  
Mean 0.50 1.70 0.58 2.00 0.40 1.60 0.40 1.34 0.13 1.44   
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Table A.12: Concentrations of n-Alkanoic Acids in Philadelphia, PA, Fall 2000 
 
Fall C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 
10/16/2000 0.08 0.20 0.48 0.34 5.02 2.00 29.39 1.03 12.75 0.31 1.53 
10/17/2000 0.60 0.30 0.80 0.44 5.71 1.46 32.25 1.11 13.70 0.22 0.84 
10/18/2000 1.15 0.42 1.52 0.69 6.19 2.00 51.26 1.23 23.53 0.20 0.68 
10/19/2000 5.11 0.93 9.52 1.62 11.45 2.73 69.26 1.17 23.27 0.38 1.01 
10/20/2000 3.50 1.18 2.12 1.76 25.44 9.19 160.05 12.88 199.64 1.58 5.87 
10/21/2000 1.85 0.53 1.06 1.02 8.00 4.79 169.81 4.94 94.77 0.72 2.21 
10/22/2000 0.92 0.42 1.45 0.74 5.55 1.69 49.23 1.64 25.61 0.32 1.56 
10/23/2000 0.97 0.55 2.36 0.72 7.99 1.76 50.46 1.34 19.06 0.27 0.79 
10/24/2000 1.41 0.67 2.82 0.80 9.43 2.92 100.46 3.08 65.40 0.49 2.38 
10/25/2000 0.54 0.39 1.37 0.61 10.80 2.49 54.22 1.95 24.36 0.35 1.17 
10/26/2000 0.23 0.33 0.82 0.31 3.95 1.39 45.45 1.44 25.62 0.37 1.28 
10/27/2000 2.33 0.85 3.04 1.51 14.00 5.69 150.27 4.23 63.57 0.57 2.00 
10/28/2000 1.13 0.65 1.91 0.58 2.32 1.18 17.56 0.74 8.93 0.35 1.96 
10/29/2000 0.81 0.42 1.28 0.39 1.24 0.44 13.26 0.36 3.52 0.20 0.55 
10/30/2000 0.72 0.42 1.23 0.36 1.30 0.71 9.49 0.51 4.65 0.23 0.83 
10/31/2000 0.67 0.34 1.10 0.32 1.30 0.45 10.75 0.30 4.82 0.17 0.71 
11/1/2000 0.76 0.41 1.69 0.41 1.77 0.54 13.12 0.33 5.59 0.18 0.76 
11/2/2000 0.61 0.29 1.67 0.46 3.36 0.86 24.32 0.87 12.48 0.31 1.00 
            
Min 0.08 0.20 0.48 0.31 1.24 0.44 9.49 0.30 3.52 0.17 0.55 
Max 5.11 1.18 9.52 1.76 25.44 9.19 169.81 12.88 199.64 1.58 5.87 
Mean 1.30 0.52 2.01 0.73 6.94 2.35 58.37 2.17 35.07 0.40 1.51 
            
Fall C21 C22 C23 C24 C25 C26 C27 C28 C29 C30  
10/16/2000 0.43 3.59 0.63 3.02 0.45 1.61 0.42 1.72 0.43 1.58  
10/17/2000 0.39 1.76 0.38 1.64 0.37 1.56 0.35 1.40 0.51 1.54  
10/18/2000 0.18 1.00 0.29 0.75 0.16 0.89 0.16 0.57 0.00 0.33  
10/19/2000 0.46 1.27 0.28 1.20 0.39 1.35 0.00 1.34 0.00 0.00  
10/20/2000 1.32 4.92 2.01 8.77 1.64 7.23 1.49 5.45 1.66 6.74  
10/21/2000 0.76 2.32 1.12 2.97 0.60 2.76 0.44 2.03 0.48 2.42  
10/22/2000 0.64 2.44 0.90 2.81 0.67 3.09 0.49 2.87 0.34 2.03  
10/23/2000 0.33 0.71 0.28 0.67 0.16 0.67 0.11 0.59 0.00 0.35  
10/24/2000 0.82 3.59 1.42 6.64 1.14 5.35 0.67 4.06 0.91 5.86  
10/25/2000 0.39 1.66 0.55 1.91 0.61 2.87 0.58 2.76 0.41 2.81  
10/26/2000 0.47 1.63 1.01 2.13 0.59 1.88 0.00 1.30 0.56 1.97  
10/27/2000 0.43 1.41 0.47 1.47 0.44 1.01 0.52 1.16 0.00 1.22  
10/28/2000 0.42 1.58 0.41 1.91 0.46 2.31 0.41 1.45 0.19 0.92  
10/29/2000 0.20 0.75 0.18 0.73 0.14 0.75 0.21 0.88 0.00 0.58  
10/30/2000 0.35 1.12 0.57 1.66 0.71 2.60 0.58 2.59 0.46 2.30  
10/31/2000 0.32 1.19 0.41 1.47 0.31 1.44 0.49 1.04 0.00 0.86  
11/1/2000 0.35 1.08 0.40 1.38 0.32 1.42 0.22 0.99 0.00 0.78  
11/2/2000 0.50 1.94 0.93 2.41 0.65 2.59 0.36 2.44 0.49 2.21  
            
Min 0.18 0.71 0.18 0.67 0.14 0.67 0.00 0.57 0.00 0.00  
Max 1.32 4.92 2.01 8.77 1.64 7.23 1.49 5.45 1.66 6.74  
Mean 0.49 1.89 0.68 2.42 0.54 2.30 0.42 1.92 0.36 1.92   
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Table A.13: Concentrations of Diacids in Philadelphia, PA, Winter 2000 
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1/21/2000 0.00 4.71 0.92 2.35 0.00 2.78 0.53 2.04 0.77 0.73
1/22/2000 2.12 14.44 2.44 4.47 0.00 2.73 3.30 3.84 1.06 26.54
1/23/2000 5.39 11.96 2.52 3.97 0.00 1.91 0.69 3.06 1.17 3.04
1/24/2000 0.18 4.14 0.86 0.76 0.00 0.35 0.14 1.11 0.25 0.57
1/25/2000 0.27 0.68 0.15 0.00 1.83 0.00 0.00 0.32 0.05 0.00
1/26/2000 0.00 0.34 0.07 0.69 1.35 0.47 0.07 0.23 0.04 0.00
1/27/2000 0.00 0.94 0.23 0.45 0.55 0.24 0.05 0.63 0.09 0.09
1/28/2000 0.00 2.93 0.60 1.31 0.00 0.57 0.34 0.71 0.33 1.34
1/29/2000 0.51 1.74 0.54 0.51 0.00 0.39 0.15 0.65 0.42 0.38
1/30/2000 0.62 3.01 0.67 0.90 0.00 1.01 0.24 0.93 0.31 0.95
1/31/2000 3.02 6.62 1.33 1.97 0.00 0.72 0.31 3.89 0.32 2.83
2/1/2000 0.44 5.02 0.82 1.46 0.00 0.48 0.11 1.95 0.42 0.53
2/2/2000 0.56 1.66 0.31 0.78 0.00 0.70 0.09 0.60 0.50 0.22
2/3/2000 0.72 2.05 0.46 0.37 0.35 0.16 0.06 1.11 0.34 0.26
2/4/2000 5.62 9.85 2.14 3.56 0.00 1.39 0.56 5.49 0.90 3.78
2/5/2000 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.14 0.06 0.39
    
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.04 0.00
Max 5.62 14.44 2.52 4.47 1.83 2.78 3.30 5.49 1.17 26.54
Mean 1.22 4.38 0.88 1.47 0.26 0.87 0.42 1.67 0.44 2.60
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Table A.14: Concentrations of Diacids in Philadelphia, PA, Spring 2000 
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3/28/2000 0.00 2.09 0.23 0.77 0.00 1.00 0.30 2.75 0.12 2.45
3/29/2000 0.49 1.01 0.18 0.62 0.00 0.25 0.00 0.18 0.07 0.21
3/30/2000 0.00 0.56 0.16 0.00 0.00 0.00 0.06 0.10 0.05 0.29
3/31/2000 0.24 0.15 0.04 0.37 0.38 0.00 0.03 0.04 0.03 0.07
4/1/2000 0.67 1.04 0.19 0.63 0.00 0.34 0.61 0.21 0.15 6.12
4/2/2000 0.88 2.14 0.30 0.66 0.68 0.31 0.36 0.21 0.09 4.48
4/3/2000 0.73 5.51 0.28 0.63 0.16 0.18 0.15 0.87 0.11 0.95
4/4/2000 0.31 0.67 0.12 0.72 0.00 0.13 0.13 0.08 0.08 0.90
4/5/2000 1.00 0.89 0.14 0.00 0.00 0.14 0.16 0.16 0.09 0.43
4/6/2000 0.28 0.82 0.13 0.40 0.00 0.44 0.69 0.19 0.10 6.51
4/7/2000 0.73 3.84 0.27 0.47 0.00 0.27 0.32 0.38 0.15 1.73
4/8/2000 0.21 0.60 0.06 0.23 0.00 0.32 0.09 0.03 0.03 0.52
4/11/2000 0.29 4.10 0.45 0.54 0.00 0.00 0.14 0.89 0.15 0.11
4/12/2000 0.11 1.12 0.19 0.31 0.00 0.09 0.03 0.38 0.09 0.05
4/13/2000 0.00 2.71 0.38 0.76 0.00 0.10 0.54 0.08 0.28 5.04
4/14/2000 0.40 5.54 0.57 1.48 0.00 3.44 1.33 0.41 0.35 11.46
4/15/2000 0.43 5.86 0.63 0.61 0.00 0.56 0.37 0.69 0.24 3.54
4/16/2000 1.80 17.78 1.39 3.29 0.00 0.71 2.56 2.06 0.36 26.92
4/17/2000 0.23 9.53 0.64 0.78 0.00 4.57 0.08 1.07 0.14 0.26
4/18/2000 0.53 6.91 1.09 1.09 0.54 0.29 0.26 0.93 0.28 0.48
4/19/2000 0.20 5.67 0.82 2.03 0.00 0.71 0.44 0.85 0.51 2.38
4/20/2000 0.00 6.71 0.72 1.11 0.79 0.58 0.63 0.73 0.31 5.75
     
Min 0.00 0.15 0.04 0.00 0.00 0.00 0.00 0.03 0.03 0.05
Max 1.80 17.78 1.39 3.29 0.79 4.57 2.56 2.75 0.51 26.92
Mean 0.43 3.87 0.41 0.80 0.12 0.66 0.42 0.60 0.17 3.67
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Table A.15: Concentrations of Diacids in Philadelphia, PA, Summer 2000 
Summer m
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7/31/2000 0.63 2.66 0.24 1.01 0.64 0.22 0.24 0.46 0.13 0.81
8/1/2000 4.74 13.57 0.79 1.64 7.48 1.37 2.35 0.85 0.36 23.60
8/2/2000 6.58 11.65 0.73 1.81 9.06 1.81 4.22 1.00 0.31 45.47
8/3/2000 1.30 9.10 0.71 1.33 2.41 1.24 3.59 0.87 0.26 31.08
8/4/2000 0.00 7.24 0.49 1.65 2.21 1.72 3.14 2.35 0.42 30.95
8/5/2000 0.64 7.74 1.08 1.67 4.30 1.83 0.73 2.66 0.33 5.36
8/6/2000 34.79 29.79 0.98 2.87 30.56 2.04 4.98 1.37 0.39 44.43
8/7/2000 23.83 10.44 0.73 0.00 47.96 1.31 1.01 4.36 0.41 4.13
8/8/2000 19.77 13.82 0.81 1.76 23.35 1.42 0.63 3.27 0.43 2.87
8/9/2000 38.13 20.76 1.17 2.74 47.66 2.90 4.30 5.35 0.57 49.20
8/10/2000 12.78 17.55 1.12 1.78 15.05 1.64 0.83 5.15 0.42 4.56
8/11/2000 8.07 14.10 0.82 2.01 11.05 2.38 5.06 3.96 0.52 50.09
8/12/2000 7.37 11.13 0.60 1.80 9.25 2.14 3.95 3.15 0.44 38.31
     
Min 0.00 2.66 0.24 0.00 0.64 0.22 0.24 0.46 0.13 0.81
Max 38.13 29.79 1.17 2.87 47.96 2.90 5.06 5.35 0.57 50.09
Mean 12.20 13.04 0.79 1.70 16.23 1.69 2.69 2.68 0.38 25.45
 
 
 
 
 
 
 
 
154 
 
Table A.16: Concentrations of Diacids in Philadelphia, PA, Fall 2000 
Fall m
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10/16/2000 0.04 0.99 0.13 0.36 0.00 1.78 0.42 1.94 0.28 1.81
10/17/2000 0.19 1.22 0.35 1.91 0.00 0.77 0.44 0.10 0.14 1.35
10/18/2000 0.93 14.86 1.45 2.98 0.00 0.85 1.13 2.58 0.26 3.64
10/19/2000 2.51 21.13 2.11 4.33 12.08 2.93 1.00 3.64 1.37 2.85
10/20/2000 0.38 13.00 1.10 2.52 0.00 5.22 2.77 1.47 0.51 22.51
10/21/2000 0.25 7.12 0.75 1.95 1.49 4.15 1.89 1.22 0.51 20.04
10/22/2000 0.16 1.46 0.33 0.39 0.33 0.30 0.42 0.35 0.18 2.40
10/23/2000 0.31 3.73 0.71 0.77 0.00 0.41 0.68 1.85 0.32 2.15
10/24/2000 0.78 12.51 1.23 2.43 0.00 2.87 1.60 2.56 0.47 7.03
10/25/2000 2.22 11.43 0.99 2.15 0.45 2.27 0.56 2.70 0.72 2.23
10/26/2000 1.55 16.24 1.73 2.63 0.00 3.20 0.61 4.84 0.68 2.20
10/27/2000 0.62 24.66 1.57 4.07 3.07 4.20 2.02 2.10 2.10 19.46
10/28/2000 0.00 1.43 0.34 0.45 0.30 0.31 0.29 0.56 0.10 1.16
10/29/2000 1.01 2.15 0.37 0.51 0.37 0.39 0.17 0.33 0.15 0.69
10/30/2000 0.34 1.71 0.32 0.37 0.09 0.27 0.23 0.50 0.11 0.66
10/31/2000 0.00 1.29 0.30 0.23 0.89 0.30 0.13 0.27 0.08 0.37
11/1/2000 0.37 1.86 0.44 0.28 0.00 0.44 0.19 0.52 0.11 0.67
11/2/2000 0.00 1.38 0.35 0.33 0.37 0.32 0.23 0.50 0.21 0.85
     
Min 0.00 0.99 0.13 0.23 0.00 0.27 0.13 0.10 0.08 0.37
Max 2.51 24.66 2.11 4.33 12.08 5.22 2.77 4.84 2.10 22.51
Mean 0.65 7.68 0.81 1.59 1.08 1.72 0.82 1.56 0.46 5.12
 
 
 
 
 
 
 
 
 
 
 
 
155 
 
Vita 
 
Name: Min Li 
Email: ml55@drexel.edu 
Tel: (215)8951987 
Drexel University, SESEP, 3141 Chestnut St, Philadelphia, PA 19104 
 
 
 
Education: 
 
July 1999~                               Ph.D student in the Department of Chemistry, Drexel 
University. 
Sep. 1996~Mar. 1999              M.S in the Department of Civil Engineering, Tianjin 
University, China. 
Sep. 1992~Jun. 1996               B.E in the Department of Environmental Engineering, 
Hebei University of Science and Technology, China. 
 
Honors: 
 
2002                                        Delaware Valley Chapter of the Air & Waste Management 
Association(A&WMA) Scholarship Award 
2001                                        Poster Session Award at Drexel and MCP Hahnemann 
Universities Third Annual Research Day, May 2001. 
Professional Experience: 
 
September 2001~ Research Assistant of project "Speciation of Organic for 
Apportionment of PM-2.5" (SOAP) funded by Northeast 
States for Coordinated Air Use Management (NESCAUM).  
 
June 2001~August 2001 Field Sampling Technician worked for Harvard University 
for a supersite study as a part of the North American 
Research Strategy for Tropospheric Ozone (NARSTO) 
conducted in the NorthEast region and focused on Oxidant 
and Particle Studies (NEOPS) including sampling 
preparation, sample retrieve, samples organization of 
particulate sulfate, nitrate, PM2.5, elemental carbon, 
organic carbon. 
     
July 1999~ June 2001             Teaching Assistant/Research Assistant in School of 
Environmental Science, Engineering and Policy, Drexel 
University. 
